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ThlS report details the participation by Lockheed coinvestigators in the rcducnon analysis,
and interpretation of data obtained by the Ion Mass Spectrometer onboard the Giotto mission to
Comet Halley. Lockheed's participation in the data analysis was in conjunction with the IMS
science team consisting of members from The University of Bern, The Jet Propulsion Laboratory,
Max-Planck-Institute for Aeronomy. The data analysis activities and much of the scientific
collaboration was shared by this team.

One objective of the effort under this contract was to use data obtained by the Giotto Ion
Mass Spectrometer (IMS) during the encounter with comet Halley for the purpose of advancing
our understanding of the chemistry and physics of the interaction of the solar wind with comets
and obtaining new information on the comet's composition. An additional objective was to make
this unique data set available in a format which can be easily used by the rest of the cometary
science community for other analyses in the future.

The IMS has two sensors: the High Intensity Spectrometer (HIS) and the High Energy
Range Spectrometer (HERS). HIS was designed for investigation of the large fluxes of 68 km/s
(relative to the spacecraft) ions expected in the inner coma, whereas HERS was designed to
observe much broader ranges of ion energy and direction of incidence. The conceptual design,
laboratory testing, detailed design, and construction of HERS was accomplished largely with
NASA funding, and the principal objective of the contracted effort was therefore the reduction and.
analysis of HERS data. Because HERS and HIS had complementary fields of view, joint studies
based on both data sets have also beenmade. ;- . j:
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A. Insgument Description

A detailed description of the IMS has been published by Balsiger et al. (1986a). Only
those features most relevant to the data analysis tasks that have been accomplished under this
contract are reviewed here.

During each 4-second spin period of the Giotto spacecraft, HERS measured the 3-
dimensional velocity distribution functions of ions in one of 4 mass ranges: protons (P mode),
light ions (L mode) with mass/charge M/Q in the range 2-4 amu/e, medium ions (M mode) with
M/Q = 11 to0 26 amuf/e, and heavy ions (H mode) with M/Q = 15 to 32 amu/e. During the last 10-
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minutes of HERS operation each mode was measured for two spins. The energy range was 10 eV
to an M/Q-dependent upper limit of 2.0 to 4.7 keV.

Both HERS and HIS had fan-shaped fields of view in planes which included the spacecraft
spin axis (which was closely aligned with the velocity vector of the spacecraft relative to the
comet). HERS did not view the ram direction, however; its polar (elevation angle) field of view
extended from 150 to 750 from the spin/ram direction. The resolution in elevation was 150 for
protons and 7.50 for all other ion species. The HERS azimuth angle resolution was 5.60.

HIS comprised two separate analyzers: 1) a mass analyzer (MA) with a field of view
which included the ram/spin direction and extended down to an elevation angle of 120 and 2) an
angle analyzer (AA) with an elevation angle field of view which extended down to 220. The MA
did not measure angles, while the AA had 50 resolution in elevation and 22.50 resolution in
azimuth. The AA measured ion energy/charge with 2.5% accuracy but did not distinguish M/Q.
The time resolution of HIS was 4 s.

B. Summary of Observations

HERS was first turned on and checked out in space in early September, 1985. The
spacecraft orientation and mission operations schedules allowed us to obtain about 20 5-hour
intervals of solar-wind observations during cruise. At the Halley encounter, HERS was operated
nearly continuously from 0530, March 12, until 0003, March 14, Spacecraft Event Time (SCET),
when the experiment ceased to function due to damage by collision with cometary dust and
associated disturbances of the spacecraft electrical system.

During the encounter, the IMS provided exciting new data concerning the chemistry and
physics of ions at comet Halley. The initial investigation of the quick-look data led to a wide
variety of discoveries which were summarized by Balsiger et al. (1986b).

C. Accomplishments, under previous data analysis contract NASW-3729

Since the previous Giotto contract concerned some of the early data analysis acdvities, we
review here some of the accomplishments under that contract.

1. Calibration and Data Reduction



a. We created conveniently formatted data files on computers at JPL,
LPARL, and MIT and wrote programs to read them efficiently.

b. We compiled a log book of all the HERS data, including
identification of missing, bad or questionable data, and made several different types of survey plots
and tabulations of the raw data.

c. We parameterized the background counting rates of the
microchannel plate (MCP) and the channel electron multipliers (CEM).

d. We completed analysis of laboratory calibration data to allow more
accurate velocity calculations.

e. We developed second-generation, but not final, algorithms for
calculating phase space density from the raw data.

f. We developed computer codes, based on the second-generation
algorithms, to perform the following operations:
i.  Computing moments (i.e., density, velocity and temperature) of the ion distributions.

ii.  Fitting simple models (e.g., a convected Maxwell-Boltzmann distribution function) to
the data.

iii. Plotting "stacked" spectra.

iv. Plotting 2-dimensional contours of phase space densities in any azimuthal plane or on
the surface of a cone swept cut by the field of view of any single detector or group of
detectors.

v. Plotting time series of selected parameters.

vi. Calculating and plotting power spectral density of plasma parameters.



g.  We created plots of several plasma parameters for selected time intervals at agreed-
upon scales; these plots were exchanged with investigators working on other Giotto

experiments.

h. We submitted the following data files for submission to NSSDC.:
Protons Moments 16 sec Day 72 0523 to end
Protons MB fit 10-min averages Day 72 1902 to end
Alphas Moments 16 sec Day 72 0511 to end
Alphas MB fit 10-min averages Day 72 1902 to end
Other ions Moments 128 sec Day 722130 to end

2. Data Analysis
a. We compiled all available data on photoionization processes

required for analyzing the ion mass spectrum in the M/Q = 24-50 amu/e range in terms of ion
composition.

b. We analyzed the HIS data for the M/Q range 15-19 amu/e to deduce
the amount of methane and ammonia in the parent gases of the comet. '

c. We performed a preliminary survey and interpretation of the vector
velocity profiles and distribution functions of different groups of ion species along the encounter
trajectory.

d. We analyzed the pickup of cometary protons upstream of the Halley
bow shock; we observed increased pitch-angle scattering, and increased radius and thickness of the
shell of picked up protons as the shock was approached.



e. We analyzed the properties of an intense burst of very hot ions
detected just inside the Halley contact surface and considered their possible origin.

f. We studied the density profile of He™ ions in the inner coma and
discovered that current models are incapable of explaining the amount of He* observed.

g We studied the fine structure of the Halley bow shock and
discovered that some plasma parameters change over a broad scale consistent with the gyroradius
of picked-up heavy ions, whereas the solar-wind protons and alphas show evidence of a series of
narrow subshocks. The observations are not well explained by state-of-the-art models.

h. We studied the foreshock region upstream of the bow shock; we
found evidence of enhanced ion-flow fluctuations but no evidence for backstreaming protons, as
observed in the Earth's foreshock region.

i. We developed a 1-dimensional model of the forces acting between
the cometary ions, the cometary neutrals, and the cometary magnetic field that explains the profile
of the magnetic field outside the magnetic cavity. A generalized Ohm's law that includes effects
due to velocity differences between ions, neutrals, electrons was a result of this study.

j. We found preliminary evidence for the existence of pick-up H3 ions
in the vicinity of the comet.

I. ACCOMPLISHMENTS UNDER ANALYSIS CONTRACT NASW-4336

A. Calibration

At the close of the previous contract, we had accomplished significant
scientific results using "first and of second generation” analysis codes. Many of the more
important investigations we carried during this contract period out required accurate, quantitative
analyses of the data based on the best possible knowledge of the instrument performance. We had
to therefore substantially improve our present model of the HERS performance, which was based
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on a simplified theoretical model of the instrument with some corrections to take account of the
calibration data. The following effects were studied in great detail.

1. HERS mass spectra are constructed from the relative number of counts
acquired by each of 40 mass anodes arranged behind a micro-channel plate (MCP) amplifier. We
had not taken account of the non-uniformity in the MCP sensitivity and response. Because the
angle of incidence and the energy with which ions hit the MCP depend on the ion mass and the
instrument mode (P, L, M, or H), the calibration data were studied to find any systematic
dependence of sensitivity on mass mode and anode number. It was found that there is no
systematic dependence with mode within the uncertainties of the measurements. Also, the
calibration data were used to test for a systematic dependence on sensitivity to atomic and
molecular species. Again, no dependence was identified within the uncertainties of the
measurements.

2. Three to five mass anodes contribute counts to each mass spectral peak.
The calibration data show that the positions of the peaks have a weak dependence on elevation
angle which had not yet been modeled. The shape of a mass peak depends on how closely it is
centered on an anode or on an inter-anode gap. There are also dependences of peak width and
shape on anode number (because the focussing properties of the analyzer change slightly as a
function of position along the MCP. These latter dependences were crudely taken into account for
the presentation of preliminary results, but more accurate and more quantitative modelling of these
effects (some of which are quite large) was clearly required to enable accurate calculations of
relative abundances. Both preflight calibration data and flight data were used to analyze and
develop numerical models of these effects. We then developed a computer program to model the
locations, shapes, and heights of mass peaks as a function of relative abundances and ion
mass/charge, energy, and angle of incidence.

Understanding and correctly accounting for these effects was an arduous
task. We believed, however, that it was possible to achieve satisfactory results through
coordinated analyses of in-flight and calibration data with the aid of additional calibration runs on
the flight spare unit to resolve any ambiguities or to help interpolate or extrapolate from the masses
and energies at which the original calibration data were obtained. There were some internal
consistency checks which were applied to ascertain if we had obtained a reasonably good model of
the instrument. For example, the abundances and velocity distributions of the water group ions
should be the same whether they are calculated from the M or H mode spectra. For some ions at
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some energies and some directions it was also be possible to compare our results to simultaneous
data acquired by other plasma instruments on Giotto. (Of course, each of them also has its own
limited field of view and measurement uncertainties.)

The end result of this lengthy task can best be illustrated in Figure 1. This figure shows the
water group ion distribution in the Comet Halley coma from the M mode. The shape of each peak
was modeled using a modified gaussian of the form:

-(u
Counts - Background = Aew;

The peak center xi, the peak width wj, and the exponent N were all determined for each
mass peak separately using calibration data. The flight data in Figure 1 were fit using the calibrated
peak centers, widths, and exponents and allowing the amplitudes Aj to vary. It is clearly evident in
Figure 1 that the fitting procedure provided excellent results and that the relative contributions of
the water group ions to the total mass spectrum were well determined. Other intervals had different
mixes of the various ions and for most intervals the fitting procedure was well behaved and
provided good results. Thus, through the combination of calibration and flight data, we were able
to determine the peak shapes of all major ions observed by IMS/HERS and therefore determine the
relative mix of the various ion species for the entire HERS data set.
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B. Moment Calculations

The improved understanding of the instrument performance discussed above allowed us to
determine the relative mix of ions in the coma. To obtain absolute numbers, we modified our first
and second generation moments code to take into account our better understanding of the
instrument. The calculation of cometary ion moments from the HERS data proceeded as follows:

1. The data were summed over a sufficient number of spacecraft spins to obtain ~ 1000
counts of water-group ions (m/q = 16 to 18 amu/e, using both medium- and heavy-mode
data). The lengths of these summation intervals ranged from 128 to 512 seconds, which
corresponds to summing over 8 to 32 consecutive spectra for each instrument mode. The
4-kV upper limit of energy/charge and the background counting rates of its microchannel
plate (MCP) sensor prevented HERS from detecting the pickup of heavier cometary ions
until the spacecraft was ~250,000 km from the nucleus (~2300 SCET). A measurable
flux of hot, cometary ions was then observed along the inbound Giotto trajectory until the
spacecraft reached a distance of 40,000 km. For the elevation bin closest to the ram
direction, the MCP had a "hot spot"” at the position of anode 29, which resulted in a very
high and very irregular background counting rate for that anode. For this reason, data
from anode 29 were not used in the analysis.

2. The count-rate matrices were corrected for detector background counts. The background
count-rate corrections, which depended on both elevation angle and mass anode, were
determined by averaging several hours of data obtained earlier on the day of the comet
encounter when the spacecraft was millions of km from the nucleus and HERS could
detect only solar wind ions and picked-up cometary protons.

3. For each of the time intervals selected in Step 1, the vector velocity of the ions with m/q =
16-18 amu/e was obtained by finding the least-squares fit of the observed distribution to a
spherically symmetric distribution in velocity space. This process corrected for those
parts of the ion distributions outside the HERS field of view. For the part of the
distribution that was within the HERS field of view, the data show that isotropy is indeed
a good first approximation.

4.  The distribution of counts versus mass anode was then modeled using generalized
Gaussians to determine the position and width of each mass peak. (This step was



discussed in the previous section). Examination of the flight data showed that the
locations of the mass peaks had shifted by a fraction of a mass anode in the year between
laboratory calibration of the instrument and the comet encounter. The cause of this shift
is not understood. Thus the calibration data were used as a guide to the approximate
locations and widths of the mass peaks and least-squares fits of the flight data were
performed to determine the best values to use for the data analysis. It was assumed that
neither the locations nor the widths of the mass peaks changed during the hour before
closest approach to the comet. The positions and shapes of each of the mass peaks were
determined for the data set as a whole, while the contributions of different ion species to
the counts measured by each anode were separately determined for each ime interval by
performing a least-squares analysis to determine the height of each peak. Although it was
originally intended to use both the medium- and heavy-mode data for calculating the
densities of water-group ions, the least-squares fits to the medium-mode data were
significantly superior to the heavy-mode data fits (the variances between the data and the
fits were smaller and the peak widths determined by the fits were closer to the pre-launch
calibration values), so only the medium-mode data were used to calculate the densities for
m/q = 16 - 18 amu/e.

For each interval, it was then assumed that each ion species had an isotropic distribution
and the same bulk velocity vector vg as the water-group ions (as determined in Step 3).
Then, for each value of m/q, the 3-D distribution in elevation -azimuth-energy/charge was
transformed into a one-dimensional distribution of phase space density versus |Avl, where
Av =v - vo. Integration over this 1-D distribution then gave the ion density.

The method used for computing proton and m/q = 2 ion moments was similar except that:

1. The proton counting rate was high enough that the proton density could be
calculated on a spin by spin basis to yield 1100 km resolution. The fluxes of ions
with m/q = 2 amu/e were great enough to allow 64 sec (4400 km) resolution.

2. A moments technique, rather than a least-squares fit was used to calculate the
proton bulk velocity independent of the heavy-ion velocity calculated in Step 2
above.

3. The HERS instrument was able to identify protons unambiguously, with no mass
overlap, so Step 4 above was not necessary.
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Implementation of the above procedure resulted in significant changes in some of the ion
moments while others (for example the m/Q = 2 moments) were relatively unchanged from their
first generation values. Perhaps the best illustration of the improvement over the first generation
moments can be seen in Figure 2. This figure compares the second and generation and final proton
densities with the electron densities derived from the Giotto electron experiment. The new proton
densities are significantly greater than the old densities after 2100 UT. These new densities agree
remarkably well with the electron densities derived from a completely different instrument. The
substantially larger new proton densities are primarily the result of the accounting of protons
outside the HERS field of view. The discrepancy between the proton and electron densities after
2240 is the result of several known factors. First, the electron density is equivalent to the total ion
density, which by 2240 has a significant contribution from heavy cometary ions. Second, when
the proton peak moves outside the HERS field of view (after ~ 2350 UT), the total proton dcnsity
will be underestimated even when we attempt to take into account the protons outside the field of
view. Finally, the electron density is underestimated in the inner region because a large fraction of
electrons are below the 10eV cutoff of that instrument.
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As with the first generation moments, we submitted the revised final moments to the

NSSDC and to the International Halley Watch (IHW) archives. Plots and listings of the final
moments that were submitted to the NSSDC and IHW archives are given in Appendix A.
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C. Science Results

Although the development of final plasma parameters occupied a considerable amount of
time under the contract, these efforts were not without reward. We have used these revised plasma
parameters in several studies that have either been published, submitted for publication or are
presently in press in the scientific literature. We have also presented these results at numerous
scientific meetings. Perhaps equally important, we have made these data products available to the
general scientific community in an easily interpretable format through the IHW and NSSDC
archives.

A list of the papers published, in press, or submitted to scientific journals is in Appendix
B. A list of papers presented at scientific meetings is given in Appendix C.

Below, we summarize the results from the scientific studies carried out under this contract.

The dtle of the work is followed by a brief description. Further details may be obtained from
Appendix D, which contains copies of the papers listed below and in Appendix B.

11
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1. The velocity distributions of cometary protons picked up by the solar wind
Journal of Geophysical Research, 94, 5227-5239, 1989.

The region upstream from the shock has turned out to be an excellent laboratory for testing
many of the theories on the generation of magnetohydrodynamic waves by unstable plasma
distributions and the effect these waves have on the distributions. Cometary neutrals can propagate
great distances from the nucleus before being ionized. Depending on the orientation of the
upstream magnetic field to the solar wind flow, these new born ions picked up by the solar wind
and form a ring or a beam in velocity space. Two general conditions can be identified. Ion pickup
when the upstream magnetic field orientation is nearly parallel to the upstream flow direction is
termed quasi-parallel pickup and ion pickup when the upstream magnetic field orientation is nearly
perpendicular to the upstream flow direction is termed quasi-perpendicular pickup. This
distincition is very important both for the type of pickup distribution that is expected to be formed
and by the type of waves the unstable pickup distribution produces. Quasi-parallel pickup
produces a beam-like pickup distribution in that the perpendicular temperature is on the order of or
small than the beam drift speed. This type of distribution is unstable to a variety of beam modes,
the most important of which is the resonant ion beam instability.r The waves generated by this
instability will pitch angle scatter the beam distribution from O (or 180°) pitch angles toward 90°
pitch angles. At the other extreme, quasi-perpendicular pickup produces a ring distribution in that
the perpendicular temperature is much larger than the beam drift speed. This type of distribution is
unstable to an anisotropy driven instability which will pitch angle scatter the ring distribution away
from 900 toward 0 and 1800 pitch angles. For both quasi-parallel and quasi-perpendicular pickup,
the pitch angle scattering occurs along a shell whose origin is not the center of the proton
distribution but is displaced approximately alfven speed along the magnetic field direction. This is
because the waves resonant with the ions have velocities equal to the alfven speed and pitch angle
scattering represents no net change in energy in the wave frame. Additional evolution of the
pickup distribution will occur near the cometary bow shock. In this region, the large amplitude
magnetic fluctuations and the presence of the bow shock will result in energy diffusion of the
pickup distribution. -

The above paper describes the detailed study of the cometary protons picked up by the solar
wind upstream from the Halley bow shock. Eleven intervals ranging from 1 to § x 106 km were
selected on the basis that the magnetic field direction remained relatively steady. The three-
dimensional proton distribunon measured by IMS/HERS was reduced to a pitch angle distribution
in the solar wind rest frame by using the computed solar wind flow velocity and the magnetic field
direction. For each distribution, the location in pitch angle and energy for the initial pickup ion
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distribution was computed. The range of pitch angle scattering about this initial direction and the
range of energy diffusion about the initial pickup energy were quantified. Quasi-parallel and quasi-
perpendicular pickup intervals were considered separately. For the quasi-parallel intervals, the
pickup proton distribution far from the comet was similar to what was expected based on theory.

It showed pickup distribution at the local pickup energy that had been scattered partially into a
shell. The shell center was located between the center of the proton distribution and the expected
location one alfven speed displaced along the magnetic field. Nearer the shock, the pitch angle
scattering was greater and some evidence for energy diffusion was seen.

The real surprise came in the quasi-perpendicular pickup regime. Instead of a partially
filled shell centered approximately on 90° pitch angles, the distribution for quasi-perpendicular
pickup resembled that for quasi-parallel pickup. That is, the partially filled shell was asymétriéally
centered on 1800 rather than 90°. This is a real puzzle because based on the above theoretical
concerns, the pitch angle scattering should be peaked at 90° and not 180°. The 180° direction was
always the direction for ions traveling away from the comet. Although it is tempting to assume that
the 1809 pitch angles were filled with protons reflected from the cometary bow shock (much the
same as the reflected ions observed at the Earth's bow shock), there are several reasons why this is
probably not the case. Probably the most important reason is that at a weak shock like a cometary
bow shock, ion reflection does not occur. One possibility raised is that because the turbulence
between the spacecraft and the comet is higher than the turbulence between the spacecraft and the
sun, there is a net flux of scattered protons traveling along the magnetic field away from the comet.
Although this global rather than local view of the problem is a possible solution, further theoretical
work is needed to resolve this important issue.

13
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2. Observations of a shock and a recombination layer at the contact surface of comet Halley
Journal of Geophysical Research, 94, 17251-17257, 1989,

Before the Giotto encounter with comet Halley, the transition from a collisionless regime to
a collisional regime was thought to take place at the contact surface. The IMS/HIS and HERS
sensors and their operating modes were designed to detect this transition. HERS was designed to
operate mainly in the collisionless regime while HIS was desi gned to operate mainly in the
collisional regime. In fact both sensors have produced interesting results in the regimes they were
not specifically optimized for. This overlap is important for the understandin g of data from both
Sensors.

During the encounter, the contact surface was observed about two minutes before closest
approach. Many of the characteristics were as expected, namely the exclusion of a solar wind
magnetic field and the formation of a field free cavity dominated by cometary ion outflow at ~1
km/s. However, there were some puzzling aspects of this outflow that prompted another look at
the contact surface region. Several models described the flow inside the contact surface as radial
outward until some distance from the contact surface, where the plasma inside the contact surface
is lost down the tail by a change in flow direction from radial to tailward. The initial HIS results
showed that this was not the case. The radial flow was observed throughout the region inside the
contact surface out to the boundary. This prompted a suggestion that the plasma inside the contact
surface was lost by recombination at the contact surface. The model predicted a pileup of plasma
just inside the contact surface. This pileup is important because the density increase results in a
large increase in the recombination rate and consequently a significant loss of plasma.

The above paper discusses the HIS observations near the contact surface and presents
evidence for a plasma pileup region just inside the contact surface. The pileup was observed in the
HIS mass analyzer in both the water group fluxes and the "heavy" ion fluxes (ions with mass ~44
amu/q). The density increases were on the order of 4 to 10 times the density prior to the contact
surface. This is on the order of what was predicted theoretically. The pileup region was very thin,
extending only on the order of 47 km inside the contact surface. However, this thickness was also
on the order of that predicted theoretically.

In addition to a density spike at but just inside the contact surface, a density spike was
observed somewhat upstream of the contact surface near what was identified in the magnetometer
data as an outward propagating fast shock. This density spike was observed in the HIS angle
analyzer. Based on where in velocity space the spike occurred, it was concluded that this spike
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represented an increase in the suprathermal particle population just upstream from the outward
propagating fast shock. Analysis of the data showed that the density of these suprathermal
particles was only on the order of 1% of the total plasma density. The density and energy of these
particles suggested that they were suprathermal ions accelerated at the shock front through the
familiar shock drift acceleration mechanism. In this acceleration process, ions drift along the shock
front at the same velocity as the outward propagation of the shock and thus gain energy with each
shock encounter. A similar process accelerates ions to suprathermal energies at the Earth's bow
shock. '
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3. Cometary ion flow variations at comet P/Halley as observed by the Giotto IMS experiment.
Annales Geophysicae, §, 229-238, 1990.

The IMS/HERS and HIS sensors were designed with some overlap in field of view. The
HERS sensor viewed from 15 to 75° from the ram direction. That is, it was blind along the ram
direction. The HIS angle analyzer sensor filled in this blind direction because it viewed from 0 to
229 from the ram direction. Using only the HERS data, we have estimated that the cometary ion
distribution moved substantially out of the field of view at around 2340-45 UT or a distance of 8 x
104 km from the nucleus. Thus, the continued tracking of the cometary water group velocity
inside of this distance required the HIS angle analyzer data.

The angle analyzer data were fit with a Maxwell Boltzmmann distribution to determine the
velocity and temperature of the total distribution. The velocity profile showed a general decrease
from ~25 kn/s at 1.5x106 km from the comet to ~few km/s near closest approach. This is in
contrast to the velocity profiles determined from instruments that did not view in the ram direction.
These velocity profiles showed a leveling off in velocity well before closest approach. The
discrepancy underscores the need for the ram direction data to determine the true velocity profile
near the comet. While the general trend was decreasing, there were relatively large velocity
variations, sometimes as much as 50% of the total velocity. These velocity variations are due to
the inherently turbulent nature of the comet-solar wind interaction. The temperature profile also
showed a general decreasing trend from ~100 eV at 1.6 x 10° km to <1 eV near closest approach.

One of the most interesting results was the sudden appearance of a cold cometary
distribution entirely in the ram direction at ~9 x 104 km from the comet. Because it is entirely in
the ram direction, it was not detectable from instruments that did not view in that direction. It's
relatively sudden appearance showed that the comet-solar wind interaction in the inner regions of
the comet coma was not simply described as the gradual slowing of the solar wind due to the
pickup of more and more cometary ions. Clearly a rather abrupt change in the interaction occurred
when this cold cometary distribution appeared.

In general, comparison of the measured flow velocities and temperatures with MHD
models of the comet Halley interaction with the solar wind showed that the modeled flow velocities
were too high and the temperatures were too low by as much as a factor of 2 from the measured
temperatures and velocities. This discrepancy will be evident in other papers discussed below. It
points out the fact that the current cometary models provide good qualitative results but relatively
inaccurate quantitative results.
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4. Giotto IMS measurements of the production rate of hydrogen cyanide in the coma of comet
Halley
Annales Geophysicae, 8, 319-326, 1990.

One of the more important problems in recent cometary research is how to relate the in situ
observations with remote observations from the ground. This is an important problem because it is
only recently that in situ observations have been made while ground observations have been made
for many years. Most ground observations consist of the study of optical emissions from the
comet coma. Of the optical emissions, the brightest are the emissions from CN radicals even
though the CN production rate has been found to be quite small in comparison to the water
production rate in comets.

In the above paper, the M/Q=28 amu/q mass channel of the HIS sensor is used to
determine the relative concentration of HoCN* to HyO*, thereby deducing the HCN concentration
relative to HoO+. The M/Q=28 mass channel is important because HCN reacts with water to form
HyCN+ (M/Q=28) while HCN* reacts only weakly with water, thereby leaving a significant
fraction of H)CN* in the inner coma. The M/Q=28 mass peak can also be contaminated with N+
and CO*. However, both of these molecules will be preferentially depleted by interaction with the
cometary H7O present in the inner coma. A relatively simple model calculation shows that this is
indeed the case and also shows that the H)CN* content is modulated by the NH3 concentration.
Previous study of the IMS/HIS data resulted in an estimated NH3 concentration relative to HoO of
~2%. With this estimate, the HCN concentration relative to H2O in the comet coma is on the order
of .02%. Radio observations put the HCN production rate relative to H2O ~.1-.5%. One possible
explanation for this discrepancy is the fact that the HCN production is know to have significant
variations. The outgasing from the comet, especially the CN radicals, is know to be highly
anisotropic and sporadic at times. The calculations from IMS/HIS are restricted to a steady-state
photochemical model.
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5. Densities and abundances of hot cometary ions in the coma of P/Halley
The Astrophysical Journal, in press, 1991.

Following the Giotto encounter with comet Halley, a number of models were produced to
describe the in situ spacecraft observations. Perhaps the most ambitious model was one that
combined a computer simulation of the chemistry inside the contact surface with
Magnetohydrodynamic (MHD) computer simulations of the solar wind interaction outside the
contact surface. The the chemistry inside the contact surface was used to determine the total
amount and relative mix of cometary neutrals. In the MHD simulation, these cometary neutrals
were allowed to move outward from the contact surface and interact with an incident solar wind
population. Using realistic dissociation, recombination, and ionization rates, the production of
cometary ions from the neutrals and the subsequent mass loading of the solar wind were simulated.
An imaginary spacecraft was "flown" through the model along the Giotto trajectory and plasma
density profiles of a large number of ions were determined.

We felt that the previous IMS/HERS data was not yet suitable for comparison with such an
ambitious computer model. However, with the revision of the IMS/HERS densities of cometary
and solar wind ions, we were finally in a position to compare in situ observations with the best
MHD computer simulations.

In general, HERS detected most of the ions expected to be found in the coma of comet
Halley. This much was already known soon after the encounter. What was probably the most
surprising result was that the density of cometary ions in the range from 40,000 to 250,000 km
was at least an order of magnitude greater than predicted by cometary models. This discrepancy
appears to be true for all cometary models produced thus far. It is not the result of a large
compression of the plasma since the proton densities in the outer coma, inside the bow shock are
about what was expected. It appears that the best explanation for the discrepancy is that the models
underestimate the ionization rate for cometary ions. There is evidence from the HERS
observations of an anomalously high charge exchange rate for He2* that supports this suggestion.
Charge exchange could play an even more important role in the production of cometary ions since
the charge exchange cross sections increase with decreasing velocity. This feature was not
included in the models but may be very important since the solar wind plasma slows considerably
as more and more cometary ions are picked up.

While the absolute densities from in situ measurements and cometary models are in
disagreement, the relative densities of the water group ions are in good agreement. The HERS
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observations of the density ratios of M/Q=16/M/Q=18, and M/Q=17/M/Q=18 are in good
agreement with the MHD models of the cometary coma. This suggests that the dissociation of
cometary water molecules in the inner coma is a well understood process. One major discrepancy
in the density ratios is the overabundance of C* relative M/Q=13, and 14. It has been suggested
that the extra C* may come from dust grains, whereas the MHD models do not include such a
source.

Finally, the new in situ density profiles clearly indicate that the "boundary” at 1.35 x 105
km from the comet is barely discernable in the cometary ion data. It had been suggested that this
boundary, which has been called the "cometopause” and the "magnetic pileup boundary", was a
"chemical boundary", were solar wind plasma was lost and cometary plasma increased
dramatically. Itis clear from the HERS data that Giotto did not encounter such a "chemical
boundary" as proposed for VEGA observations in a similar region of the Halley coma.
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6. Observations of solar wind ion charge exchange in the comet Halley coma
The Astrophysical Journal, submitted, 1990.

Under the previous data analysis contract, we reported anomalously high charge exchange
of solar wind He2+ to He* in the coma of comet Halley. Charge exchange loss of up to 30% of
the solar wind He2* was reported in a region where theorists expected losses of only on the order
of 3%. Needless to say, this was quite a surprise and required a follow-up study when the
revision of the IMS/HERS moments was completed.

The charge exchange of He2+ into He* is by far the easiest to do since both ions were
directly observed by IMS/HERS and there is very little initial M/Q=4 ions in the solar wind.
However, the large charge exchange rates observed in the comet coma suggested that the effects of
charge exchange of other solar wind ions with larger charge exchange cross sections than He2+
could be observed. Included in these other solar wind ions were protons and high charge state
Oxygen and Carbon ions. Proton charge exchange cannot be observed directly since the product
of the charge exchange is a fast neutral that is not detectable by an ion mass spectrometer.
However, the higher charge exchange cross section for protons compared to He2+ implies that the
solar wind He2* to proton density ratio should rise as the comet is approached. Of course, when
cometary protons are added in, the density ratio could decrease, increase, or stay the same
depending on the relative ratio of solar wind to cometary protons. In addition to the charge
exchange of protons, other solar wind ions such as high charge state of Oxygen and Carbon ions
have much larger charge exchange cross sections than He2*. One should see a cascade to lower
charge states of these ions as the comet is approached.

The revised HERS moments were first used to compute new percentages for the charge
exchange of He2*. Also included in this calculation was the removal of Ha* from the M/Q=2 mass
peak, using a previous study of H+ and He2+ ions. It was found that the percentage charge
exchange of He2+ rose to over 40% just inside 105 km from the comet. Next, the revised
moments were used to compute the He2+ to proton density ratio. The average density ratio first
rose as the comet was approached and then, at a distance of about 2 x 105 km from the comet, the
density ratio leveled out and then decreased rather rapidly. The gradual increase followed by the
decrease was modeled using a relatively simple model of the charge exchange process. This model
showed that the changes were consistent with an initial loss of solar wind protons at a faster rate
than He2*, followed by a rapid increase in the total proton density near the comet due to the
addition of cometary protons. These results showed that the relative magnitude of the cross
sections for protons and HeZ* were correct. One possible explanation for the anomalously large
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charge exchange of He2* was that the assumed cross section was not correct. The results in this
study showed that this is probably not the case.

In general agreement with the proton and He2+ observations, high charge state Carbon and
Onygen ions in the solar wind were observed to charge exchange to lower charge states as the
comet was approached. Unfortunately, the densities of these solar wind ions were so low that
quantitative studies of the charge exchange process was not possible.

The results of the charge exchange study indicate that we still do not know the origin of the
anomalously high charge exchange of He2+. However, we have eliminated several possibilities.
One possibility that remains is that the plasma flow near the comet is significantly different from
that modeled. If the plasma slowed significantly along the comet-sun line in addition to the
deflection away from that line, then there would be significantly more solar wind plasma charge
exchange than modeled. The enhanced charge exchange would also result in larger cometary ion
densities. Presently, the observed cometary ion densities are about a factor of ten greater than the
modeled densities, thus supporting the idea that the cometary ion production through charge
exchange is underestimated in the models. Further modeling is required to improve the agreement
between theory and observations.

One of the more surprising results from this study was that there was an abrupt change in
the He2* to proton density ratio in the so-called "mystery region". This region, between 9 and 5 x
105 km from the comet, was known to contain higher solar wind ion densities and enhanced fluxes
of energetic (>1 keV) electrons. The enhanced energetic electron fluxes are correlated with the
He2* to proton density ratio increase. The density ratio increase and the overall increase in the
solar wind density in this region suggest that it is a tube of different solar wind plasma from the
surrounding region that has convected into the cometary coma. At present, this is the best
explanation of most of the properties. One property it does not explain is the enhanced fluxes of
energetic electrons. The enhancement is unique in the Giotto encounter. They suggest that in
addition to a different solar wind plasma, the mystery region contains some additional processes
related to the comet. At present, we do not know what these processes are.
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7. Observations of plasma dynamics in the coma of P/Halley by the Giotto ion mass
spectrometer
Journal of Geophysical Research, submitted, 1990.

We have already discussed above the results using the revised cometary and solar wind ion
densities. Velocities and temperatures of these ions were also revised. In cometary models, these
other moment have a direct effect on the cometary and solar wind ion densities. For example, the
cometary pick up process results in the slowing of the solar wind. The more ions picked up, the
more the solar wind slows and, since the charge exchange rate is energy dependent, the slowing
causes an increase in the loss of solar wind ions. Previous publications included only the ions
within the HERS field of view. Near the comet, where the physics becomes interesting, a large
fraction of the cometary and solar wind ion distributions are outside the HERS field of view and
modeling of the distribution is required to determine the plasma moments. Fortunately, the
cometary ion distributions are relatively simple. To first order, they consist of a shell in velocity
space centered on the local solar wind flow speed and with radius approximately equal to the local
solar wind flow velocity.

The HERS data for the protons, M/Q=2 ions and the entire water group were modeled
using an iterative scheme that determined the flow velocity and density of the distribution. This
scheme is described in section I of this report. The result was an estimate of the moments and the
amount of the distribution outside the HERS field of view. So long as the flow velocity (= center
of the distribution) was within the field of view, the modeling produced very good results. They
showed a gradual decrease in the flow velocities of all ion species as the comet was approached.
No abrupt changes in the flow velocities or temperatures were observed.

Concentrating on the water group ions, they were found to be in the form of a shell
distribution with relatively uniform pitch angle coverage. The radius of the shell coincided quite
well with the local solar wind speed as expected. As the comet was approached, the shell radius
decreased as expected and the water group ion density increased. The density increase was entirely
due to the addition of ions at approximately the local pick up speed. In fact, some of the higher
energy ions, picked up much earlier and upstream from the spacecraft, were observed to charge
exchange away.

There is general agreement with the observed and predicted flow velocities and
temperatures. However, predictions from the MHD models generally indicate higher flow

velocities and lower cometary ion densities in the inner coma. The two moments are directly
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coupled because the lower observed flow velocities are the resuit of pick up of more cometary
material and thus higher cometary ion densities. This disagreement again underscores the need for
more work on the modeling of the comet-solar wind interaction.

The HERS flow velocities and the HIS flow velocities show good agreement in the region
where the measurements overlap. This is an encouraging result and suggests that further
comparison of the HIS and HERS data is possible and will yield a better understanding of the two
instruments and the comet environment.

The region described as the "cometopause” or the "magnetic pile up boundary (MPB)" is
evident only in the solar wind ions and magnetic field. No distinct change in the cometary ion
moments across this boundary was observed. The change in solar wind parameters only is |
additional strong evidence that the MPB was a rotational discontinuity in the solar wind that had
convected into the comet coma.
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8. Interpretation of the ion mass spectra in the mass range 25-35 obtained in the inner coma of
Halley's comet by the HIS-sensor of the Giotto IMS experiment.
Astronomy and Astrophysics, in press, 1991.

As already pointed out above, the HIS sensor is uniquely suited for the study of the the
inner region (inside the contact surface) of the Halley coma. This paper is primarily concerned
with the ion mass range from 25 to 35 amu/q. The molecular chemistry in this inner region of the
coma is dominated by proton affinity. Molecules having higher proton affinity than water will
react with the most abundant ion in the inner coma (H30*) and abstract a proton. These protonated
molecules will have much higher densities than their parent molecules Ions with a lower proton
affinity than water will either be under-abundant if they react strongly with water or tend to have a
high abundance if they do not react with water. '

Although the inner coma is dominated by this water reaction process, correct accounting of
the ion species requires a model of the inner coma chemistry. Such a model is presented which
predicts the relative abundance of the cometary ions. These predictions agree relatively well with
the ion mass spectra from HIS inside the contact surface. This agreement indicates the following:
1. HCO and CH30OH dominate the mass range from 25 to 35 amu/q since their parent molecules
are most abundant and their proton affinity is the largest. 2) Minimal ion abundances at masses
27, 29, and 34 are consistent with the predictions since most of the ions with this mass per charge
react strongly with water. 3) The height of the M/Q=28 mass peak is consistent with the
HCN/H;0 abundance ratio of 0.001. CO* contributes to this peak but is not dominate. In
addition to these results, a molecular abundance profile is determined by fitting the model to the
radial variation of the HIS ion data.
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9. The evolution of the M/Q=2 ion distribution in the outer coma of comet Halley
To be submitted to the Journal of Geophysical Research, 1991.

Under the previous contract, we did some preliminary analysis of the proton and alpha
variations across the bow shock. The protons were analyzed in detail while only the M/Q=2
moments were considered.

Using the revised analysis codes developed under the present contract, we were able to
reconstruct the M/Q=2 distribution in pitch angle coordinates in the solar wind proton rest frame.
Upstream from the bow shock, we found evidence of a pick up ion distribution with M/Q=2. This
distribution is identified as cometary Hy* produced primarily through the dissociation of cometary
water molecules. Although the picked up distribution is near background, we are confident that it
is real because it is at the same velocity as the picked up proton distribution and the distribution is
not present prior to just before the bow shock.

Across the bow shock, the solar wind He2+ distribution is observed to heat quite rapidly.
In contrast, the solar wind proton distribution does not heat until much further downstream.
Further downstream from the bow shock, the He2+ distribution changes from one that is peaked
near zero velocity in the proton rest frame to one that is approximately in the form of a shell in
velocity space centered on the proton rest frame. Shell-like He2* distribution have also been
observed downstream from the Earth's bow shock. At the Earth's bow shock, the formation of
the shell distribution is believed to occur because the differential slowing of He2+ and protons
across the electrostatic shock potential. We believe that the process is similar at the cometary bow
shock. The only difference is that the cometary bow shock is weaker and therefore the relative
drift between the protons and He2+ ions (and hence the shell radius) is smaller. Indeed, the He2+
distribution showed no shell like features for the Giotto crossing at the flanks of the cometary bow
shock because the shock strength there was relatively weak. Further downstream however, Giotto
was sampling plasma that originated nearer the subsolar point. In this region, the shock strength is
much greater. In addition, the cometary ion pick up and slowing of the solar wind is faster near
the comet-sun line. The more rapid slowing of the solar wind in this region also contributes to the
formation of a He2* shell because of a mismatch in the slowing of the solar wind He2+ and proton
distributions.
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III.  CONCLUSIONS AND RECOMMENDATIONS

In the proposal for this data analysis contract, we outlined a strategy to go well beyond the
initial scientific studies using the IMS/HERS data from the comet Halley encounter. The strategy
involved a top to bottom revision of the data analysis codes used to compute physical parameters
from the instrument. The revision required a second, more detailed look at the calibration data and
careful modeling of the instrument response. We have accomplished all the proposed objectives
using this strategy. The revised moments have led to a much improved understanding of the
comet-solar wind interaction from the outer regions where the interaction is very weak to the very
inner coma where the interaction is very strong. In addition to the science results, we submitted
the revised data set to the IHW and the NSSDC in a convenient format for other scientists to use.
We expect that this data set will become an invaluable resource for future studies of comets.

With the close of this contract, we feel that we have analyzed to the best of our ability the
majority of the IMS/HERS data set. Most of the interactions between the solar wind and the comet
have been identified and several, such as cometary proton pick up, are reasonably well understood.
Others, such as solar wind ion charge exchange, are not well understood but the observations are
well documented. We have also compared the in situ observations with most of the present day
cometary models. While the agreement is far from perfect, it is now the responsibility of the
cometary modelers to improve the models to agree better with the observations.

Although we feel that we have analyzed the majority of the HERS data set, we do not feel
that cometary research is finished. Already pointed out above is the need for better computer
models to compare to the data. We have tried, through our submission of the data to the NSSDC
and IHW, to provide would be cometary modelers with a data set that was in physical units and
easy to handle. In addition to comparison between theory and experiment, we feel that additional
inter-experiment comparison will yield better information on the cometary environment. Almost all
of the scientific studies performed under this contract were aided by the inter-comparison between
data sets from different Giotto instruments. As other experimenters improve their data sets,
addidonal comparisons with the HERS data products are possible. Again, we feel that the NSSDC
and IHW archives will provide much of HERS data needed for this inter-comparison.

Finally, we have made preliminary comparisons between the final generation HERS data
products and the initial, first generation HIS data products. The comparison between these two
instruments is critical to understanding the complex environment sampled by HIS near the comet.
There is a significant region where the observations overlap and the preliminary comparisons under
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this contract show encouraging agreement between the two sensors. Clearly more work on the
HIS data is needed to develop second generation HIS data products and to compare these products
with the HERS data and with theoretical predictions of the inner coma of comet Halley.
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Appendix A

Listings and Plots of Updated Giotto IMS/HERS Moments Submitted to [HW and NSSDC

28



B6Z"1T PZ0°0 ZS°S " "EE "9LZ- 0276 9L 8911 "9PBZ6T €9°S “Z1 TLE "TLe- 2270 90+3ET"T 8978911 "Z¥BI6T ZL

8/9°1 6Z0°0 1§°G TG 24 “$LZ- SO"OT T18°L9TT "6bL261 €L°S “PI~ "ZE  "GLZ— 6Z°0 90+FETT 99°L9TT °"8ELZ6T ZL
9€S°T S€0°0 26°G -zt i 2 "€9Z~ Z8°6  Z9°9911 "LE9Z6T IL"S "GT "1t "L9Z- PETO  90+FET"T 8S°99T11 "SEIT6T ZL
PEF"T bE€O"0 2S¢ -z2 ‘6T "B9Z~ G1°8  1¥ G911 °"52Z5261 89°S *0Z *1€ "EGZ~ 820  90+3dPI"T 0S°S9TT "0ESZ6T ZTL
8501 6200 €S°§ g "1 "192— L0°6  9£°p9TT "Z2¥Z6T S5°§ -z ‘91 "8LZ- 9270 90+3PT"T ZH ¥9TT "LZ¥Z6T ZL
992°2 220°0 1%°S "6 "8 “¥ZZ- Eb°S 82°€911 "L1€T6T LL"S T ] "€Z2Z- 2170  90+3ST°T OV €911 "€ZeZ61 ZL
L89°1 LZ0°0 1b°§ €T "6 "$9Z2~ ZL*9  ET°Z9TT "VIZT6T ¥9°G ‘o€ 74 "192— 81°0  90+3ST°T 2€°ZT911 612261 ZL
¥€E9°0 TE0'O0  bb°S “Bl- "€ “€8Z~ Ob"L  ST°I9TT "60T1Z61 bZ°S "yZ- "SI "LLZ—- €20 904F9T°T ¥Z°T9TT "GI1Z61 ZL
BBL'O 6T10°0 bb"S 2 G 3 ¢ *68Z— 0OL°9  ZZ°0911 “€10Z6T1 bE"S "5— "8I "LLZ- €170  90+d91°T 91°0911 “110261 ZL
209°0 S10°0 S¥°S *ZT— “T-  “¥8Z- 819  6Z°6SIT "LIGTI6T €2°G ‘8-  °9T1 *88Z- 6070 90+39T°T V¢I"6STIT “L06161 ZL
108°0 610°0 €¥°S "0T- ‘b~  “b8Z- 92°9 80°8GIT "SOBI6T €E°G ‘6— ¥ *L8Z~ ZT1°0 90+3LTI"T 90°8SIT "€0816T ZL
OLF 0 (LI0°0 E€b°S “6— “L-  "LLZ- €0°L  68°9STIT ‘£S9161 0TS “I1- "6 "08Z— ZT°0 90+ALT T 86°9STT "6S916T ZL
€€L°0 610°0 Zb°S "9T1- “p- "ZBZ- L6°9  €B8°SSTIT "0GGI6T BZ"S “El- "6 *LLZ— €1°0 90+3BT T 06°SSTT "GSST6T ZL
969°0 O0£0°0 ®B°S “L- L—  "ELZ— 00°L 9L HSTT "9tkI6T 8Z°S - "6 "GLZ- 12°0  90+dB1°1T Z8 VSIT "ISHTI6T ZL
LZB"0 TZ0°0 PB¥"S “6— ‘61— °*ZLZ- 69°L B89 €STT "TIPET6T 9€°G “T-  *L—  LLZ- 9T°0 90+36T"T OB €STT "LPEI6T ZL
06L°0 LI0°0 ®¥"S “Z—  "BPI- *LSZ- §B°L £9°ZSIT "BEZI6T FE'S i *Z *862— €1°0 90+F6T T ZL TSTIT "€vZ161 2L
969°0 B8I0°0 EF"S “€—  ZT- "99Z- S1°8  SSTISTIT "EET161 SZ°S 4 “€-—  "692— ST°0  90+30Z°T P9 ISTIT "6ETTI61 ZL
B8L°0 0Z0°0 2Z¥°§ "0 “6—  °S92- L6°L ¥9°0GTIT "BEOI6T ZE'S “I- "b~ €92~ 91°0 90+430Z°T 95 0STT "SE€OI6T ZL
168°0 €20°0 Eb°§ ) “TI~ "0LZ—~ BE'8 69°6FTT "TV606T BE'S "1 "Z-  T9LZ- 6T1°0 90+d0Z"T ¥S 6FIT "1£6061 ZL
168°0 6100 Z¥°S TG— "8T— "6GZ- 86°8  0G°BbIT "OEB061 LE"S "0 L~  "96Z— 9T1°0  90+dIZ"T 9v°8PTI "LZB061 ZL
0Z9°0 €20°0 ®b°S “€—  "IZ- °09Z- S€°B  6Z°LVIT "LILO6T €2°S *T—  "6—  "09Z- 61°0 90+431Z°T BE-LVIT "€TL06T ZL
L10°T LZ0°0 EP"G "L “IT- -692- BI"B P2 9PTT "$T1906T ¥%°S g ‘8-~  "89%- TZ'0 90+4dZZ'T OE"9bTIT 619061 Z.
20L°0 €Z0°0 Zb°S ‘G~ *ZZ—- °€92- €1°8  QE°SHIT “BISO6T LZ°S "Z- LT~ "69Z- 610 90+4dFZZ T BZ°SHIT "ST1S061 2L
bL9°1 920°0 Sb°S "GT—  CET- “¥8Z— $E°B  ZZ HPIT "EIVO6T L9°S "0T— "9T— (8- ZZ'O0 90+HEZ"T OZ bbIT "TIFOGT ZL
Zi6°0 200 EB°S “T—-  °9Z— "E8Z— LB'L 9T IETT "OTISBT 6€°5 "I- 8-  "98Z— 61°0 90+dBZ"T SBI-TE€I1 "ZIISBI ZL
L89°0 ZZ0°0 Gb°§ *Z—-  "81- "ZLZ- 8B°L €T OETT "FI0SBI 6Z°G 4 “LI- "GLZ- L1°0 90+438Z°T 9T 0€I1 "B00OSBT ZL
S00°1 920°0 Lb¥"S TE- "61—~ "6SZ— S1°8 L1 62TT "0O16¥8T Lb°S "Z- 01—~ "BSZ- IZ°0 90+d6Z°T B0°6ZIT "VO6¥BI ZL
L98°0 ZEO"O Y-S "GT~ "ZZ— °"SLZ- OF"L B6°LZTT "6SLFBI BE"S “0Z- "ZI- "0BZ- FZT°0  90+36T"T 00°8ZTT "00BFBT ZL
168°0 SZ0"0 €b°§ ‘9 "GT— °"GLZ— BG"L  LL 9ZTT "9b9¥BT 9€°S ] "I~  "LLZ— 61°0 90+H0E"T Z6°92TT1 °"969b8T 2ZL
0.9°0C E€0°0 T¥"S g "0Z— °O0LZ- €S°L P8 GZIT "0OSSHBT SZ°S L~ "9—  °ZBZ— SZT°0 904FOE"T ¥8°SZIT -"ZSSkBI ZL
0LL"0 1Z0°0 &G “TT— "0T— °0L2— L6°L 16°vTTT "GSHHBI €€°G "91- “6T1—- "bLZ— LTI'0 SO+ATE-T 2Z8°vZTIT "BHVYHET ZL
188°0 1Z0°0 SP°G "ZI— "¥Z— "ZLZ- L0°B €8 EZTT "OSEFBT 6€°G "b—  "8-  "99Z— LT°0 90+FTE"T HL°E€ZTT "HYEPST ZL
60B°0 €Z0°0 Z¥'S “LI— "9T— °GLZ- ZTL'L S9°ZZIT "6€EIZFBI EE°S "EI- "O0T— "LLZ- BT°0 90+ATE"T 99°ZZTT "OPZHBT ZL
LST"T L€0"O0 Zb°S TE- "GZ- °982— 08°L 96 TIZIT "vEIVBT BF"S “LT—- 02— "S1Z— 6Z°0 90+3FZE T 8G TZTT "9€1b8T ZL
9.8°0 €200 €EF°S *8T— "EI- "692~ SP°L S9°0ZIT "6E0WBT LE"G "9Z— "€—  *l9Z- LT°0 90+3ZE"T 96 0ZTI "ZE€OVBI ZL
L92°C LEO'O  bE"S "TT- *pI~- °¥S2—- 0Z°L by 6TTIT "LZ6EBT 08°S *6—  "ZT- "pSZ- LT°0 9O0+ACE-T BB 6ITT "8Z6EBT ZL
209°C 610°0 €F°G *9T- €1~ "€LZ- 899 SZ°BITT "STIBEBT 1Z°S *9z- -9 *0LZ~ €1°0 90+3CE"T Ob"8TIT "HIBEBT ZL
Z16°0 810°0 2b°S e "BZ- "LLZ- O0E"L LTI LITT "OTLEBTI BE"S -5 “bZ- ‘ELZ~ ET"0  90+3PE'T ZE-LITT "OZLEBT ZL
80L°0 O0EO0'0 Zb"S o "6- "GLZ— LE"9 BZ°9TITT "¢T9EBT LZ°S g "0Z— “LlZ—- 610 90+IPE"T ¥Z 9TTIT "9T19¢€¢8T ZL
9€L°0 LZO°0 EB"S T "0€~ "9.Z- €0°L T€°SITT "6TSEBI OE"S *I- 02— 98- 61°0 90+IPE"T <ZZ STTIT "ZISEBT ZL
€£€6°0 9Z0°0 Tb°S A "€2— "99Z— Sb°9  SZ'VITT "STIPEBT BE'S ‘0 "GZ~ "¥9Z- LT1°0 90+4dGE"T ¢TI FITI "BOPESBT ZL
9b0°1 920°0 Zbk"S TG— *92~ “LLZ- ¥0'L  SO'ETIT "E0EEBT ¥b°S *6—  "8T— °"182- 81°0 90+3SE"T 90 EITT "POELEBY TL
$90°1 BZOD°0O CF'S A 6 “oLZ- SL°9 ¥8 TTTT "TISTIEBT Sb°S "0 "L—  "6L2—- 61°0 90+39¢°1T 8B6°TIILT "00ZEBT ZL
89Z°1 K200 2Zb°S ‘e *SI—- "8L2- L6°9 Z6°OITT °"SSOEBT 26°§ '8 T 1- “PLZ—- LT°0  90+H9E'T 96°0TIT °960€81 ZL
ot1r3ex oT3Ra b | 2ZA h> XA €-wo ﬂ@uﬂﬂ%—: £ swuyy M ZA ﬁ\w XA € ~Wo wy MUU-J-.:ME B ewuyy
duey A41susy (L)bo pioo)y ASH  A3Tsusg LHDS 1LA0S (1) boq pI00D ISH £318Usq eoue3sTP  1ADS 1305 Aop
orgex SJjUBWOR uojoad sjuswom 7=3 /W

‘pegndwod wism sanjeisdws] pue A3Teusq 8yl JO OTIRT pue SUSWOW Z=O/W YITM 8pTouToo o3 sutde p Iss0 pebeirsae arem sjuswow uojolg
§3T3J UOT3IOUNF JUSWNIJISUT WOIF PIATISg suswow uojoixd pue z=0/W T9UTJ4
wouw oT3RI [W Zw[sjuswow-o330Tb a8 TTAEN] ) i ZXSP I AHNDOT

) __



E61° 1
GZL 1
¥s0° 1
L9S° 1
600°¢
bzL 1
She- 1
Zte°1
1€6°1
189°1
S6S° 1T
€09°1
699°1
6E£8° T
116" 1
€EE" T
6LE"T
s01°2
oLy"1
66S° T
69F° 1
1270 2un §
268" 1
ZLETT
s0L" 1
LGU"Z
89L7 1
SLLTT
vos "1
881" 1
2228 ¢
A2}
e 1
og8e°1
L61°1
TiL 1
8Zb" 1
Ze9° 1
16871
S96°1
g6L" 1
STe’ 1
L8V°1
Tes 1
Spi-t
cZl1
9tL"0
gyv1-1
6 1
bus 1
IRZ200
¢ 0

)

92070
820°0
€EE0° O
ZED’ O
820°0
620°0
€EEC"O
Z€0°0
9€0°0
9€0°0
ZEO'O
EC0"0
vEO O
92070
82070
€20°0
Te0°0
82070
1€0°0
620°0
920°0
LZ0°0
82¢0°0
£EE0" O
820°0
9€E0° O
ZEO"O
620°0
TEO" O
620°0
vED O
6E0° 0
0€0°0
S¢0' 0
[ XA ]
200
610°0
2200
ZZ0°0
610°0
¥co0" 0
ZE0°0
EEDO
LZ0" 0
Te0" 0
OEOD" O
620°0
62070
SE0° 0
ZZu" 0
$20°0
9c0°0

LS
89°¢
89°G
89°6
€EL°S
bL" S
iL°s
69°S
L9°S
oL"S
€EL”S
€L S
oL g
897G
oL’ s
oL"S
IL°s
1L°s
LS
L°s
€L°S
QLS
ELS
£L°S
oL"S
L9°S
8976
997§
Z9°S
LS°S
867G
657G
€676
¥9°S
09°¢
LLS
LL’S
€L°S
LS
€L"S
€9°6G
09°§
$9°S
Z9°§
S6°S
967§
ES™S
5676
LG"G
BG™G
5676
05°§

"96T1-—-
“EO0C-
“10Z~
"S6T1-
“E81-
“Z81-
TOLT-
TE6T1—
TE8T-
90—
661~
902~
“E0Z—
L) A
€02~
202~
"81Z—
“102-
“Zee-—-
Lz~
“10Z~
“LOZ—
"90Z—
“10Z-
"ZTe-
“g1e-
“L0Z—
R A
R XA
“0EZ—
B S X
"0EZ—-
e
"1eg-
60—
A4
602
Toeg—-
4 XA
Y XAy
4T A
"LEZ—
“8le-
"Z6T—
"66T1—
XA
"oeeg-
“ZEC—
okZ-
"Lee—
) £
TLSZ~

0Z°01
$9°01
00°01
Ly L
Lz 6
00701
0E "6
€L701
026
LO°0T
¥S°01
SS0T1
888
€9°01
ST°01
S8°01
S0°C1
E1°2C1
EE"EL
VPET
Se"Z1
TR
09711
62 %1
[(XAA S
oL TT
80°¢21
Lt 11
v8- 01
05" 11
€6°TT
0L" 6
08°T1
09°¢ct
ov 6
Ly -zt
A4
(ST
LLTET
8e" 21
SL° 21
€V 1T
876
L8 8B
LE" 6
00"6
B9°6
EL’B
€9°2C1
BE™6
5876
eg"e

oz vect
YA ¥ A4S
90°2Z2et
86°02C1
bL6TZT
98°81Z1
99-L1Zt
6579121
€6°GT1CT
09°¢v121
ZSTETCT
A ATAS
sz 112t
oz o012t
Z1°60Z1
L07802T
66°90Z2T
80°90¢C1
€1°5021
67 €0CT
EL"TO0CT
L9°1021T
0970021
PS°66T11
Lvy 8611
ST L6TT
LV 9611
ob"S611
PETPETT
€17€611
PO Z6TT
98° 0611
ZB 6811
LB°88TT
I8 LBTY
887981T
1876811
8V ¥BIT
SSTESTT
8F°28T1
or- 1811
SETO8TT
LT 6LTT
9€°8LIT
PSTLLTT
SET9LIT
T0°GLIT
BO WLIT
20 ELTT
S8 TLIT
SLTOLTT
6976911

“Z1vZoz
“61eZ0e
“€02Z0Z
650202
“PF6T0Z
“Zs810<
"6ELTOZ
“GE9TOC
“ZESTOC
“9ev10C
"1€ET0Z
“0Z2102
"GITT10Z
"Z1010Z
"L0600¢C
" 08002
659002
"S09002
“80500C
"§9€£00¢
"¥b200C
"0v1002
"9€000¢
cZg6G61
"8Z8G61
"TELS6T
"8Z9%61
R ZAT NS
"0Zvs6T
"80€G6T
"Z02s61
“260s61
“6b6b6T
“zGa8bel
"8VLb6T
"EGOF6T
"ebsbel
"6Zbbel
TEEEVGT
"6ZZh61
248 4)!
"120b61
"9Tée61
“ZZseel
"ZELEGT
"129k61
"10G€61
"GObE6T
"10€EE61T
"6blE6l
"ShOE6T
“1b6Zel

6L°S
267§
oL"S
L8°S
€09
86°G
L8°S
¥8°s
SB°S
£€6°S
6°S
€6°S
c6°S
¥6°S
S8 S
¢8°S
S8 S
€0°9
687G
16° 9
06°G
16°S
T0°9
187§
€6°6
B6°G
€6°6G
16°S
08°§
|2 28)
| 7~
i8°s
S9°S
SL°S
B9°G
00°9
67 S
b6°g
66°S
Z6°§
887G
ZL°s
18°S
08°9
I9°S
19°¢
ov-Sg
19°9
89°9
LLts
LS°S
19 A}

)

"6
"0T1
Y
'S
"0
4
"8
"B
“p—
)

- p—
“g—
~z-
“1-
)
1T
s -
cG-
-g—
0Z~-
°9
T
cg—
L
“tt
-z-
LT~
“1Z-
A St
ce—
4
1
"0~
91—
"€
"8
“0g—
“be
4
0T~
"8l
“Zl-

"1t
e
'S

ce-

Al
"6l
A4
"st

4]
14
"1s
‘0
“89
oL
“ZL
“LS
" 0S
“LL
To8
“vB
"6l
€L
“6S
“8b
LY
T6¥
4
T8s
14
°Zs
©8s
“ES
t1s
4
“1s
“Zs
"6t
TSt
14
ToZ
-
tog
"€
“09
“ZL
K44
84
4]
1 4
14
"L
% 4
“oc
a4
24
“6S
4
T4
"6E
"9g

"S81-
"b6T-
"68T1-—
1A Sd
TTLT-
"Z91-
"191-—-
"Z81~-
LT~
“66 1~
06T
A
661~
A A
"961-
“681—
"L0Z—
102~
“ETZ-
‘8ze—-
10—
"661—
“poZ—
“o61-
“S0Z—
"GIZ~
T01g-
“502-
i XA A
bl
“9¢ee-
A XA
“BEZ-
A X
TTre—-
S61—-
“e61—
“L0Z—
X A4
"61Z~
“1ve-
“EbZ—-
"B1Z—
"LLT~
66T
tZie-
i3 XA
"O0Ec—
"9Fc—
“90Z—
"obZ~
A TAS

Lc°o
0e"0
€EE" O
vZ o0
9Z°0
62°0
T€°0
vE"OQ
€E° 0
2€70
FeE"O0
¥Z°0
0ot 0
8Z2°0
820
sZ°0
LE"O
PE"O
1v°0
6€°0
Zt"o
0£°0
€E€°0
ov"0
vE"O
t4 Aa)
6€£"0
€€°0
ve"o
€EETO
iv°0o
gE€" 0
SE"O
Ie€°0
fAAN
LZ°o
vecto
Lz"o
0E"0
€270
T€"0
LE"O
ZE"O
¥Z"0
6Z°0
LZ 0
8Z°0
8Z2°0
vt°o
1270
$Z°0
¢eE'0

S0+386°8
G0+dZ0°6
S0+3L0°6
S0+d1I1°6
G0+391°6
50+302°6
S0+dbZ°6
50+362°6
SO+ALE"6
SO+ALE"6
SO+AZh 6
50+49b°6
504305°6
50436576
G0+96S5°6
S0+3V9°6
S0+389°6
S0432ZL°6
SO+dLL"6
G0+318°6
S0+dS8°6
§0+d06° 6
G0+d¥6°6
S0+486°6
90+H00" T
90+410° 1
90+3d10° T
90+3dZ0" 1
904320 1
90+d20° 1
90+d€0° T
90+4€0° T
90+3%0° T
904490 T
90+dS0° 1
904350° T
90+490" T
90+3d90° T
90+390° 1
904dL0°T
90+3L0° T
90+380° 1
90+d80° T
90+d60° T
904+360° T
90+360° 1T
90+H0T" T
90+H0T" T
90+HIT" T
90+3ATT" T
90+dZ1° T
90+3ZT1" 1

8T bvZZ1
01°€221
Zo-zeet
v6 " 0221
9876121
¥B BIZT
9L LTICT
89°9121
09°6T121
I A ALY
0S°€TCT
Zp 2121
PE-TIZT
9270121
k26021
91°8021
80°L0Z1
0073021
86°¥0C1
06°€E0CT
872021
VL1021
9970021
v9°6611
9678611
8b L6111
9P 9611
CES6T1
0E"b6T11
ZZ°e611
PI°Z611
ZT 1611
0" 061T
96°8811
88°L8T1T
98798611
8L°6811T
oL P81
Z297eB1l
vGa 2811
26571811
Py 08T
9e"6LTT
8 BLTT
9C°LLIT
BT 9LTT
Ol GLTT
2O PLIT
$6°2L 11
6" TLTT
V8 0LTT
9L76911

“11ievcoz
"G0EL0Z
102202
tL650202
‘€5610Z
"6¥810Z
TGyYLT10C
“1¥9102
TLESTOZ
TEEVIOZ
"62€T0C
“szZzZtoeg
121102
“LT10T0Z
“€1600C
608002
"50L002
109002
“LSYOOC
“ESE00Z
"6¥2002
"Sb1002
"1$#0002
TLE6SET
"EEBSET
“6ZLS6T
"9%9s61
128561
‘81kse6T
“pleseT
012661
"90T1S6T
200561
"898b6T
“PSLVET
T059V61
9bpShet
444408
"BEEP6T
TPECKET
"OETV6T
"920be61
TZZ6€E61
"81BE6T
"PlLE6T
"OT9¢e6T
"906¢e61
“Zobesl
“BSCE6 T
“PSIE6T
"0S0€E6T
"9p6C61

L
ZL
<L
L
cL
ZL
ZL
cL
ZL
ZL
ZL
ZL
ZL
<L
ZL
ZL
<L
ZL
<L
ZL
ZL
lL
ZL
ZL
<L
ZL
L
<L
ZL
L
L
<L
cL
ZL
ZL
<L
IL
cL
ZL
ZL
ZL
ZL
<L

<L
<L

<L

L

L

ZL

L

L

ZL




£EB’ T
oTL"1
LZ6" 1
8891
SeE6°T
168° 1
198°1
Z6L° 1
Z2L8°1
6¥6° 1
LEL"T
121z
v86- 1
opg 1
608" 1
618°1
OEB"T
BPL T
L6711
Loo"Z
869° 1
lel" 1
92671
L50° ¢
66971
16871
E1s°1
<19°1
L8y 1
19871
LLL T
€667 1
0es-1
LI9E"T
Ges1
8(9°1
90L" 1
869" 1
61G°1
LS 1
BLO"C
s0L°1
969°1
LeL 1
Svv'1
68V 1
b9s°1
R
vos " 1
LR |
tou 1
2091

ovo-o
6£0°0
SE€E0"0
FEO O
PEO O
EEQ"O
620°0
[AN o)
EE0"0
veo'o
€E0°O
ZEO"O
ZEQ"O
CEO’O
9€0°0
€E0°0
vEO O
€EEQ0O
PEQ’O
IEQ O
€EQ"O
6E0° O
GEO0' O
9€0°0
1€0°0
60" 0
SE0 O
VEO' O
9€0°0
ov0°0
GEO O
€E¥0° 0
<b0° 0
I¢0°0
PEO O
9€0°0
S5%0° 0
BEO" O
Zyo°o
EEOQ"O
ZEO O
ZEO" O
3¢20°0
0EQ" O
8¢0°0
62070
92070
ZEO"O
BZO 0
8Z0° 0
vbu o
Y00

LS
LTS
€L°S
VLS
LS
1L°s
€L°§
SL°S
bL"S
LS
bL™S
9L°S
8L"G
8L"S
LL™S
6L°S
08§
18°S
08°§
6L°S
08°S
VLS
VLS
€L"S
iL°s
oL"S
oL"S
LS
oL"S
oL"S
oL"S
69°S
69°¢
EL"S
89°6
99°¢
99°§
19°S
59°¢
L39S
oL"S
08-S
8L°S
6L°S
8L°S
SL°S
LL'S
€L°S
€L°S
€L"S
oL"g
EL’S

“0E-~
"1Z—
TEl-

“LT—
TTE-
"EE-
Y4
"9¢-
"SI
"Zi-
“1e-
02—
vI-
'S
"ot
K4

01—
11
"ZZ
"9
S
-g9—
- p—
3
Y

“ve
vz
T4
“bE
L4
4
“Le
"SE
"BE
"9Z
"ke
4
LY
"1E
13
"ov
"SE
"o
44
"BE
"8€
"EE
“ov
“9¢€
TGE
1
"o¢€
" 1€
"ZE
14
"9¢
“tE
K44
“tc
"9¢
"8l
"l
A
"SE
"6E
"ZE
"1e
"9¢
"8E
34
"0E
Lz
ras
"ob
"0k
"8
4

€61~
“edl—
“10Z-
4 5
661
"90¢-
10—
"80C—
A A
i AtrA
"L6T—
A YA
A XA
"LOZ~
L SA
44
"B6T—
"Z02~-
"LOZ~
"voZ—
"90¢C—
"ble-
R X4
"ore~
€02~
912~
"612—
i XA
I TA A
"Lze-
"bZ—
“bee—
"8lZ—
“bee—
"GlZ~
L AYA
A
"8ZZ-
"6ZZ~
Le-
X A4
"0Ze—
"Z1e—
"ETZ-
“LIC—
"G1Z~-
Lo~
“Zie-
TLee-
X4 4
A A
Te0Z~

L9°L1
00°L1
€€°81
09°L1
LZ"8T
o181
SH°8T
€L"8T
BI"L1
£v°81
19781
Lz Lt
€L°91
ov'91
50°9T
ov° 91
£€°91
81°91
ShoLT
€9°91
ov-LT
S9°LT
0L"9T
LE"LT
01" 91
00°9T
$5°91
ST L1
£€8°91
09°91
0Z° 81
8S°61
06" 12
00°0Z
L8 LT
0z LT
BT LT
Ep-91
8L"ST
08" ¥1
86" b1
82791
0L"91
0b°9T
08°SI
€0°91
01" 91
08" b1
0Z°ST
06°6T
TR A
901

9070871
0T 6LlT
06°LL2T
€8°9L71
88°GL2T
oL " vLZT
29°€ElLZT
[AAKARAY
6F"TLZT
8E°0LLT
9¢€°69Z1
9278921
€2°1921
LT°9921
016921
PO ¥oCT
L6°2921
6871921
¥8°0921
9L°6421
1L°8521
16°LSCT
LS°9521
¥9°69Ct
(0] 2R A°TAS
LE"ESZT
1€°2521
[ ZARL-YAS
8170621
11°602T
€0°8b21T
86°9bZ1
06°S¥Z1
09 bkl
BETEVZT
] 24 FAS
|2 AN
81 ovZt
T176€CT
90°BECT
T1°Le2T
Z6°GECT
9L VEZT
8L €eZT
S8 ZelT
<L Tezt
99°0€2T
[ Y44
6578221
Is°L2Ct
61°92Z1
Tr-szet

“p00Z1Z
"90611¢
BATRAY
"08911Z
TESSTIZ
KA248 ¥4
TLEETITZ
"922112
“6Z111C
"€2011Z
"226012
918012
"PTLOTZ
013012
905012
"e¢ovole
"8G20T1Z
"€ST0TIC
0500712
"9¥6502Z
"EvBsoe
"1ELS02
"PEISOL
"BESSOC
"vZrsoZ
"ZZESOL
"B1ZS0Z
"P11S0Z
110502
"LO6bOZ
“zo8voeg
"6S9b0C
23] {4
“9eEvvoL
XA {014
TLeThoe
"STIbOL
"T10¥%0C
"906¢€0Z
"b0OBEOT
"LOLEOZ
"GGGE0C
"9PbEOC
"LbEEDZ
"TSZEOC
“EVIEOC
"0b0OEOC
"8€620Z
"GEBLOL
"1€LCO0T
"119¢02
"L0S820¢

ol

L67S
G6° G
10°9
L6 9
10°9
86°S
00°9
00"9
10°9
10°9
86°G
6079
80°9
v0°9
€079
S0°9
20°9
S0°9
6079
60°9
€079
B6°S
<0°9
v0°9
£E6°G
167G
887§
€6°S
L8°G
L6"S
S6°S
68°S
L8"S
L8"S
987§
88°S
68°S
¥B°S
€8S
L8 S
2079
€0°9
10°9
¥0°9
P6°S
267G
96°S
L6°S
€679
S67S
8675
€6°G

"9Z-
LT~
0g~-
“6T1-

“Z1-
“92—
it
S
TTT-
1T~
- p—
=
"0
1t
°SI
‘L

‘6

- 1-
"1

i 4
TIT—
‘1=
“Gl
"1

- £
-z—
ot
“1-
T4
TEE—
A
"9¢~
91—
“el-
"~
B L4
- l-

"ST
S 1—
"6
Y
“61
A
"91
-G
'8
1=
"9

X4
T4
" 8€
"9¢€
“Le
"8E
"0E
T4
" BE
43
“oZ
“ve
14
Tob
"Gt
"8t
“LE
4
i
“EE
"6t
cot
44
“ob
44
“GE
ToE
Tob
4
44
“9¢
“6€
i ¥4
1L
“EE
L
°S

v
“6Z
“os
“EE
K44
“BE
-1/
6V
“tE
"9¢
4
44
T bE
4

44

LB~
"8LI-
"G81—
T06T1—-
“981~-
"00Z~
06T~
“Z6 T~
“S6T-—
"Z0e—
881~
861~
“T10Z—-
"Z61—
“10Z—-
"E0Z—
18T~
TE61-
TE6T—
“88T—
“veT-
“902-
“60Z—
“E0Z—
“v61—
“pyoZ—-
TETC~
"60Z-
“vee—-
“6ZZ-
"BZZ—-
“P1Z-
"BZZ—-
T1ze-
"BZZ—
TLOZ-
TElg~-
62~
X A4
"Q1C~
“1te-
°902-
"LO0Z—
861
“L6T—
061~
“981-
06 1-
A YA
“ore—-
TE0Z~
"F61-

L°0
k270
¥9°0
6670
€9°0
0970
¥s 0
0970
LSO
€9°0
Z9°0
9670
¥s°0
25870
LS°0
|40
96°0
#S°0
09°0
1870
85°0
69°0
8670
€9°0
0s°0
€9°0
8570
6670
09°0
L9970
£E9°0
58°0
16°0
E8° 0
1970
2970
LL™O
Z9°0
L9°0
6v°0
av o
2870
[ 3 A
0s°0
Sv°0
9% 0
f4 a4
Lv-0
ZP 0
EV-O
LS°0
8z o0

S0+369°9
SO+dEL"9
SO+d8L"9
S0+dZ8°9
S0+398°9
S0+d16°9
S0+366°9
S01366°9
S0+3Vv0° L
G0+380° L
SO+dET"L
SO+dLT L
So+d1ZL
S0+39C°L
SO+30€E° L
SO+3dSE"L
SO+d6E "L
SO+3deb "L
So+d8v "L
S0+32S°L
SO+d396°L
SO+d19° L
S0+359°L
SOo+d0L"L
SO+3PL L
SO+d8L "L
SO+dEBT™ L
SO+3ALB"L
SOo+316° L
S0+396° L
S0+d00°8B
S0+350°8
S0+d60° 8B
So+3ab1"8B
Sot+déeT" B
S0+3€Z°8
so+3d8Z"8
S0+3aAze "8
S0+3LE" B
So+aty’8
SO+dSk°8
S0+306°8
S0+3pS°8
S0+d8s 8
S0+d€9°8
S0+dL9°8
So+d1L°"8
S0+d9L°8
S0+308°8
so+3s8°8
S0+3d68°8
S0+dE6 "B

86°6LC21T
06°8LZ1
Z87LLZ1
08°9.L21
ZL°6Let
[0 F A
95 ELZY
[ ANAS
9F-1LCT
BE “0LZT
0€°6921
8278921
0Z7L9Z1
2179921
¥0°6921
96 €91
¥6 291
98°19¢1
8L70921
0L°6S2T
8978621
09°L621
258795821
bbb Ssll
[4 Al A-TAS
PETESZT
EYARAYAS
8171621
91°062T
80°6¥CT
00°8b21
Z6°9bC1
120 24
(2084 2AN
BEEPLT
9E°2h21
8Z°TkZ1
0Z°0bZT
CI 6€C1
vo 8tct
Z0°LEeTT
P6°"Gell
98 vecl
8L EEZT
9L°Z¢€¢C1
B9 1€CT
0970¢€C1
26976221
0s°8BZZ1
[A AN AAS
ve 9zet
CIARYAAS

656112
1114 ¢4
“1SL1TZ
R T28¢4
"EPSTTZ
"6EVTIZ
"GEETTZ
R{x44¢4
LTITNZ
"€201T1Z
616012
"S1801Z
"11L012
"L090T2
"€£050T1Z
"65€0TT
552012
"ZsT012
"Lv001Z
"EK6502
*0¥BS0Z
"SELSOZ
"ZE950T
"826502
"¥Zrsoz
"0Z£502
*912502
T1S0Z
BU0S0Z
"b06v0Z
*008¥02
"959p02
"ZS5P0T
"BEVHOT
"VZEVOZ
" 0ZZhOoT
"911v0Z
Z10b02
"BO6€0T
"¥08€02
"00LEOZ
"9G5€0Z
"ZSVEOT
*8bEEOZ
"PPZEOT
*OPTEOT
“9€0€£02
*Z€6202
628202
"§ZL20T
029202
"L1520T

<L
L
<L
ZL
L
L
ZL
ZL
L
<L
ZL
(43
<L
ZL
<L
cL
cL
ZL
ZL
<L
L
ZL
<L
ZL
ZL
ZL
<L
<L
CL
<L
<L
<L
cL
<L
ZL
L
<L
<L
<L
<L
<L
ZL
ZL
ZL
L
ZL
<L
<L
<L
<L
L
L

o



506" 1
c66°1
8L2°Z
€112
608" 1
1v8° 1
BLL"T
LIL T
66L" 1
8TL 1
LLLtt
869°1
S05°1
89L°1
$66°1
L1
900°2
S06°1
056" 1
0sz 2
X420
S8L°T
608" 1
G06°1
8v2°2
1601
1v0°2
8bs-1
8vs° T
6Lb°1
SE1°T
662" 1
1€9°1
16671
oLz 1
80L" T
L8971
$96° 1
veLt
869°1
¥8S "1
BLb"T
BL9"1
£06°1
vESTT
6£5° 1
z09°1
6661
vob I
859" I
FATI |
625" 1

vE0° 0O
YEC"O
Z€0°0
LE0"0
Te0°0
1€0°0
620°0
82070
1£0°0
620°0
L20°0
92070
S20°0
L2000
8Z20°0
L2070
62070
820°0
62070
Ze0°0
¥20°0
€070
0€0°0
0E0 0
€E0"O
S£0°0
vbo°0
ovo° 0
9€0°0
165070
sbo°o
vvo o
9%0° 0
Zvo-o
6v0°0
8v0° 0
6€0°0
LEO O
ovo-o
LEOTO
LEO"O
Lb0 0
9v0°0
£EP0°0
LbO 0
9v0" 0
€bo 0
svo'o
¢voo
€50°0
ovo o
|8 Z000)

S8°S
987 S
$8° G
98° G
€8°G
287§
18" 9
Z8° s
£8°S
14 B8]
s8° S
¥B°S
Z8° g
18°G
i8°s
z8tS
18°S
18°¢
18°¢
8L G
08°S
LL"S
EL™S
bL"S
eL™S
0oL"S
oL"S
89°S
$9°9
Z9°S
€976
19°s
Z9°S
¥9°S
G9°s
£E9°S
§9°¢
L9°S
L9°G
69°§
B9°S
£€9°¢
[ )
€9°S
Z9° S
Z9° S
19°s
09°6
09°§
19°S
59°G
L9°6

“bC—  "9¢
“LT- "6l
Tt- " Le
L~ "8Z
G- "9g
01— e
“PI—- L2
LI~ L
"1Z¢—- "8¢
"8~ 8¢
"0eE~- "6Z
24l 4
"0Z- TEC
"ST-  "sZ
“L1- "0z
Tl €4
B A ¥4
IR XA R A
21— °s¢
tZ- LT
M S "1z
"6 4
°S 82
‘Tt 2
°8 “%e
) ] !
'S X4
i) ¢ ¢4
tL 44
"L “12
T9- "Lz
TI- " 1€
B "1
11— e
TEl- "2
BN o YA
“bi- °SZ
M2 Sl 4
91— 81
i 8 S ¥4
“6- K44
01— 62
"0T- o€
"0Z—- €€
TpI-  CEE
61— °“GE
1 2 €
"bE—  CcE
‘6¢— 1€
"ZE—-  TEE
"~  TGE
B 5 4

TLET-
Y A S
TPhI-
“8bI-—-
“ShI-
Biate
1Ay
] Ay
425
“TbT-
“ObT-
TEPT—
IR 4 S
1Aty
LbT-
“8vI-
"GST1-
LS1-
"6ST—-
891~
"891-
A
“bST-
T6LT~
"8l
"68T—
"881-—
“eB1-
e8I~
“vB1-
"881-
"9B1-—-
“L81~
“BBTI—~
“Z81-
“LBT-
“18T-
"ZB81-
)
“LBT-
"yBI-
“681—
“Le1—~
©Z0eZ—
"voz-
"902-
“2el—-
61—
LT~
"Z6T1-—
4
"Letl-

81°€1
0L €T
(33 A
L6 ET
LO"VbT
B9°€1
€6°¢l
8LTET
[ A 3 §
€9°€1l
ST FT
S8°ET
09°¢1
€8°¢1
89°21
S6°¢C1
ov-21
€6°C1
S6°C1
ST1°21
EL°ZT
28721
BL°C1
LT €T
SB°ZT
€97 €T
ET €T
887 €1
L TARAY
087 €T
Z8° €1
EL°ET
RGN At
€97 b1
20" P1
o1 ¢1
EL°PT
L9°G1
0Z°ST
oL ¥
ov p1
80°¢1
SO°¥F1
LETET
91" ¢1
€E1°ET
SE"ET
S8 el
Sy et
A A
0Z°91
£E6°91

€5°9¢€¢ET
SPTGEET
oV beet
CETEEET
IRARAXNY
6T Teel
Y1 0EeT
90°6Z€1
10°82Z¢T
E6°92¢T
LB"GCET
0B ¥lET
ELTECET
L9722l
657 1Z¢€1
PGS 02ZET
9F"61ET
IF°BTET
€ELTIET
BZ 91ET
PETSTIET
8Z VIET
€6°2T1E1
9 TIET
ob-0TeET
ZZ760¢ET
LT 8BOET
IZ2°LOET
PI90€T
60°GOET
TO POET
v6° 20T
B8 10¢€T
8 00¢1
19°6621
Zb"B6Z1
SE"L621
v1°96<T
SE"G6LZT
A 4 YA
60°€£6ZT
1072621
960621
20° 0621
96" 88Z1
8b L1821
€b 9821
Se°6821
6Z°¥BZ1
Z2'eBll
91°28Z1
60" 1BZ1T

“Ze9tee
LSl
24244
"6TeIZe
"91Z122
STTTIEL
"BOO1ZZ
"p060ZZ
108022
°969022
"266022
"8¥voce
“PFEOZT
“ovzoce
"GET0Ze
"ZE00ZC
"8Z6S1¢C
RT4:1 54
c02LS1e
"LT9STZ
"02ss1¢
TLIKSTIZ
"9G6ZGTC
TLETISTZ
24NN ¥4
TETEVIC
“918VvIL
"CILRTIZ
"BO9FIZ
"SOSPTIZ
"TOVbIZ
“LSZhIZ
TESTRIZ
“6bv0bTIZ
"LEGETZ
T4 I N 14
“1LETZ
"B80SEIZ
“ZZSETZ
“60vE1C
"GOEETZ
"T0ZtT1C
"BSOETIZ
“100€12
"LS8ZTC
R TARATA
"92921¢
I YAYA ¥4
TLIbZie
"ELEZTIZ
"60ZC1C
1V §4 54

€1°9
919
1279
81°9
6079
80°9
90°9
S0°9
80°9
80°9
aT°9
LO"9
00°9
30°9
1t°9
50°9
1T1°9
6079
[ )
€19
56°S
2079
666G
Z0°9
L0"9
¥6°G
10°9
L8°S
v8°s
6L°S
89°¢
L°s
€8°S
Z8°S
SL”S
98° ¢
88°g
96°S
16°S
Z6°S
88°G
08°g
s8°s
£€8°5
187§
18°S
18°S
eL"S
SL°S
€876
9L7S
§8°§

)

“Z1-
“LT-
“8l-

Aty
) e
0
A S
g1~
“BT—
i A
12—
"9Z-
-G
81—~
"9Z—
A%
LY~
"SI~
4
4
4
]

"0t
"Ztl

“ot

"1
Tl-
"Z1—
01—
c6—
~g—
TEl-
A
cg—
-6~
A St
B X
81—
61—
"gE-
8-
i £ %
e
R X4
Le—

"€
“1e
"6t
el
k44
K24
a4
x4
"£€
"0g
i £
“Le
"0Z
“El
"6l
"6l
“6Z
"Le
‘tt
"2t
LY
"9T
"8l
T4
A
Y
"8Z
pi14
“1€
44
"€
TbE
T4
T4
p 114
-4
"6l
T4
4
T8¢
"6l
“1E
“ZE
“6€
*8€
"6E
TLE
S
“9€E
44
"BE
43

"6ZT—
"1Z1-
T
T4 O
“821-
L
T4
"0ET~
44 0
TGZT-
“LIT-
"6Z1-
“SCI-
"9ET-
“LZi-
“9eT1-
"6ET~-
LEPT—
TERT-
KA4°)
“LST-
“6b1-
445
AR o
991~
“Zel—
TE81-
TLLY~
T A
TELT—
“8LI~
cT08T—
“EBT-
LT
TPLT-
LI
“6LT-
ThLT~-
“VLI-
TELT-
TLLT-
"9LT~
P T~
"T102—
€02~
“e0g-
"Z81-
“beT—
TE6T~
"G8T1-
"i81-
"LeT-

Sbv'o
Sv o
9% 0
[A ]
b0
4 Ay
ov o
6€£°0
"0
6€£°0
8€°0
9€°0
1€°0
kE"O
9¢€° 0
vE O
9€°0
9¢€°0
LE"O
6E" O
0E" 0
iv°o
BE'O
6E°0
v o
8v°0
850
Ss°0
| A A1)
0oL" 0
z9°0
09°0
S9°0
1970
6970
L9°0
85°0
8970
19°0
SS°0
€5°0
9970
S9°0
LGS0
L9°0
0370
8570
970
9570
SL°0
S9°0
0L’ 0

SO+dLE" Y
SO+d1P" V¥
SO+dA9F b
SO0+d0S° ¥
SO+d¥S° b
S0+36S° ¥
SO+de9°F
S0+4d89° ¥
So+3aZL Y
SO+39L° Y
S0+d18° ¥
S0+dG68° b
S0+368° 0
So+3ve " ¥
S0+366 " ¢
S0+3dt0°S
G0+3L0°S
SO+3ATT"S
SO+d%T"S
S0+30Z° S
S0+3AvZ"S
S0+d6Z° S
S0+3dve"S
S0t3aok " S
S0+3dvb S
S0+dBE"S
S0+3€S 7S
SO0+dLS ™S
S0+329°G
S0+399° S
S0+30L°S
SO+dSL"S
SO+36L°S
S0+3AVB" S
S0+d88"S
S0+3v6°S
S0+386° S
S0+320°9
SO+dL0°9
SO+4UTIT 9
S0+3ST "9
S0+3d0Z°9
S0+dkZ°9
S0+d6C°9
S0+3d€E"9
SO+dABE"9
SO+IER "9
SO+dLP"9
SO0+3TS°9
S0+d96°9
50+409°9
S0+4db9°9

36" 9¢El
8b"SELl
OV beEET
CEEEEl
0E"ZEE1
AR XN
b1 0EET
9062t
bo 8Z€1
96°9Z¢€1
88°G6C€Y
08" ¥ZET
8L ECETL
0L°22¢e1
Z9°12¢1
veToceT
Zs"61el
Py "BIET
9€"LTET
82911
9Z°STeT
LAGS SN S
98°ZTe1l
8h 11t
9ol
BE 60T
¥Z2°B0ET
9T°L0tT
80°90¢T
90°S0OET
86" €E0E1L
06°20¢€1
Z8°10€T
vL700ET
L6621
ve"86c1
cerLect
b2 9621
9175621
80 9621
90° €621
86° 1621
060621
8 68C1
0878821
A NN TAN
ob 98BZl
275821
L ZA 1 T4
91 eBCI
vr-esct
907181

“€€912C
"62512¢
T4 2844
T12e1ZZ
LIzt
“ErT1Ze
"6001Z<C
"60602¢C
108022
"L5902¢
T€£65022
“6bvoce
12 X¢44
"Zveoce
“LET0Z2
"vE00Ze
"0E6S1C
“9z8s1Z
"ZTLSIZ
819612
“PISSTZ
"OTkSIZ
"0sZs1e
TOEISTZ
"920812
K442 ¢4
"918VIZ
TOTLPIZ
“909v1Z
“ZoSPIZ
“BSERIZ
2°T4 AY4
"OSTIPIC
"9vovie
TZveele
“ZZBETZ
"BILETIZ
“PI9ETL
"OTISETE
"90veElL
"ZO0tE1IC
“BSIELC
“bsoELe
“186Z1Z
“LyBClC
"9ZLZ1C
XA YA ¥4
"61421¢
"SIkZTIZ
T11EC1C
"LOoZZIZ
"EOTZ1Z

L
ZL
L
ZL
<L
ZL
<L
L
ZL
L
L
ZL
ZL
ZL
cL
L
ZL
ZL
ZL
L
ZL
ZL
L
ZL
<L
L
ZL
ZL
ZL
(43
ZL
ZL
cL
L
ZL
ZL
<L
L
<L
L
ZL
<L
<L
<L
L
<L
ZL
ZL
ZL

ZL

ZL

L



BLL™1
926°1
2191
LSE° ¢
1Lt
Z¢I19°1
8t6° T
[A Q84
v68° 1
LLL™ 1
V66" 1
BOL" 1
6207 ¢
86971
869°1
96671
66L° 1
LEL™T
€12°¢
OES"T
€881
qLz e
661°C
LIL" 1
GLS°T
8E6° 1
9zZL"1
8eC"C
618" 1
ve’ e
£G0°¢
£€88°1
196" 1
298°1
L6 1
ove"1
8vL"1
€86°1
90L° T
618° 1
669°1
1v0°¢
620°¢
680°Z
XA
oz
900°¢
198" 1
0E0" ¢
1961
16¢°2
916" 1

9€0°0
LEO' O
3¢0°0
060°0
SE0’ O
5¢0°0
6E0"0
ov0"0
SEO0’ 0
ovo-o
vvo 0
Ze0"0
VeE0"0
ZE0" 0
SED0°O0
LEO"O
LEO"O
1e0°0
6E0°0
CEO" O
Zvo o
TeE0" O
c¥0°0
vEO" O
EE0"0
LEO"O
ZEO0O
LEO'O
LEQ"O
v0°0
vED' D
€€0°0
VEO" O
92070
VEO'O
ZED" 0
tED" O
9¢0°0
9¢0°0
82070
1e0°0
PEO"O
62070
0E0 O
1e0°0
CE0’ O
BZ0 0
1E0°0
VEO" O
620" 0
k0" 0
0e0’0

¥B°S
ve's
SB°S
LB’ S
LB'S
SB™S
FB"S
F8" S
FB"S
k8" S
k8" S
98°S
s8°s
s8¢
€B8°S
FB*S
9B°S
k8" S
¥B" S
98" S
58°S
[31-
S8 ¢
ZB°S
€8S
EB"S
SBS
EB’S
[ 4° 28
[ 2: 38
¥8° S
b8°S
€8°§
8" S
<8-S
18°%
0B"S§
08°S
0B"S
08°g
0o8°s
08°S
08-S
Z8°s
08°S
167G
18°S
€EB8° S
FB°S
SB°S
SB°S
98°S

A
"1t
"6
1T
‘9
“1-
"L

i
K4
-
- 1—
T

B 4
3
"9
"0
"0
-z
4
"L
'S
T
4
-z—
fGe
"1
"0
g
~g—
sz
11—
-g—
-
sg-
" p—
.
-
- g—
~g—
-
-
T
°S
~6—
~e—
“1—
S S
0T~
91—
)
8T~
e

"9¢
"Le
‘6Z
Le
Y4
K44
"ve
74
X4
"€¢
T4
"9z
"8¢
"9z
Y4
Y4
Lz
14
Y4
"6
"9
"Lz
Le
14
14
14
" 0E
"9¢
"9¢
Le
"8¢
x4
“¥e
x4
X4
T4
8 44
"8l
"8l
T4
"oZ
14
‘9¢
X4
“Le
i X4
“EC
"8
8 44
X4
44
T4

g6

06—

66—

"G8-

"9L—

68—

"pe-

68—

16—

96—

"Z01-—
"Z01-
"T01-
"GO01-—
"00T1-
"901-
“vot-
"90T1-
A9 o
"LOT~
“STI-
R TA S
AN S
LTI
"ol
"611-
"9Z1~
XN
821~
"6Z1-
TOET-
X o
"oET—-
"TET-
TCET~
"6ET-
"LET-
"GET-
1
“PET~
“LET—
"6ET—
"Ob T~
LR T-
3 2
"6ET-
A
"TbI-
"6ET-
“ThI-
“ivI-
"6ET-

€276
8176
0Z°6
00701
€8°01
09°01
ST 1T
88°0T
EO°TT
By 01
88°6
St ot
0T"0t
SZ°01
09°01
00°01
G676
09°6
S1°6
09°6
0Z°6
81°6
0576
01°6
Sbk6
£6°8
SE"6
SZ'e
0£"6
€€ 01
€9°01
S1°11
0911
oL" 1T
£€9°¢1
BE"CI
0021
€8° 11
8L T
€STT1
(0] At
s8°CT
OL"ET
ET°ET
E0'ET
8S°ET
BE'ET
SLTET
89°€T
SEET
LO"ET
SO"ET

FZ Z6€T
91 16T
IT1°06€T
€E0"68ET
$8°LBET
06°98BET
P8 GBET
LL"¥BET
69 EBET
¥9°¢CBET
86 TBET
16°08eT
€Eb 6LET
BE"BLET
Ot "LLET
SZ°9LET
LT SLET
TI " bLET
PO ELET
66 TLET
16 0LET
b8°69¢€1
8L°89¢1
TLTL9EY
S9799¢€1
LS S9ET
[A N 21N S
PPESET
6€°C9¢1l
TE"T19¢€T
SCT09¢tT
81°6GET
987 LGET
BL™I9GET
"EL"SSET
S9°PGET
6GESET
26°25¢1
St ISET
6€"0SET
TE"6PET
9T 8RET
8T LVET
€T 9VET
S0°SPhET
00" PPhET
26 ZVET
LB TPET
6L OVET
€L 6EET
99 "8EET
09" LEET

HA%41%4
"OTT1leZ
"LOOTEZ
"Z060ET
"0SL0EZ
"vs90¢el
"05S0€C
‘9Fkboee
"TvEOEZ
"8EZOET
"GETOEZ
"TEOOEZ
"92642¢
"eZ8see
"81LSZC
619622
Y TAA
"9oysee
“Z0ESZT
"65152¢
"§50522
"1s6bee
TL¥8bZT
TEVLRIT
“6EIRCT
B A%°) 744
"1EVRZT
4% £44
X424 LA4
"6TIbLC
"s10%ce
"116€CE
"TSLETT
"Ly9ELT
B 44713X44
"6EVECT
"GteECe
S X1 X144
"LTTECC
T€Z0eze
"616Z2Z¢
"918Z¢¢
R Y X444
r8092zee
T€0622¢
oovzee
R T4444
"Zst1eee
"LvozZee
443544
‘ob8lee
"9ELTIZC

6079
(A
90" 9
¥Z'9
otT°9
90°9
€1°9
91°9
<19
60°9
P19
60°9
919
80" 9
90°9
€079
T1°9
80°9
81"9
¥0°9
<179
61"9
61°9
G079
€0°9
Z1°9
6079
8179
019
1279
G179
1T°9
<19
6079
I1°9
LO"9
v0°9
0T"9
€079
90°9
2079
It-9
"9
| A5
v0°9
AR
ITt°9
0o1"9
ST°9
F1°9
0Z"9
vi9

]
"1t
°S
"9t
- -
-
"1z
"1
-z-
- -
"Sl
Ity
K4
1T
"0
!
-1-
TEl—
4
"9

- p—
c0
-z—
A
4
“e—
el-
cG—
"0t
-
-6
"t
)
Tel—
At
-g—
24
TL1-

"ET
14
Y4
) S
‘61
- z—
"9
4
A
"1
"ST
4
"0z
"82
44
T4
"0€
"8e
a4
"Le
i X4
T4
4
"9t
T g€
*9T
"BZ
“81
¥
"8
“12
"1e
)
x4
*9T
"SI
44
44
i £4
“81
£
4
"1z
61
"0E
“tE
"0t
t1Z
“ET
"81
14
“EC

"GL-
“08-
9L-
"0L-
16—
"E€9—
L9~
"oL-
T0L—
6L
18-
“88—
“TL-
18-
98—
68—
"08-
"Z6—
68—
TEB—
66—
“voT-
"E6~—
68—
66~
"00T~—
"L6—
“o11-
"Lo1-
"601—
"TT11-—
“61T—
i LA
“1ZT-
p A O
i 24 G
61T~
“S0T-
“LOT~
B8 Gd
2 4
61T~
TO0ET~-
"OET—
‘611
0Z1-
T4
"8c1-
TECT~
“ECT-
61T~
A

[
vE"O
€€ 0
0s70
BE"O
8€° 0
€v°0
€v°0
6€°0
4 A1)
€E¥°0
€E"Q
vE"O
€E"O
LE"O
LE"O
LE"O
0E" O
9¢°0
1€°0
6€°0
8270
ov o
1€70
170
€€70
0€"0
|4 3]
veE"O
rA A ]
9¢°0
LE"O
[ ]
1€°0
€v-0
6E°0
[¢] V]
Zv o
1E"0
ZE"O
8E°0
|4 AR
ov-o
[o] (1]
(0] A1)
| 4 A1)
LETO
[4 Aa
9% 0
8E°0
ov o
6E"0

S0+380°2C
SO+3ET 2
SO+3LT"2
S0+d1Z°¢
S0+392°¢
SO+d0E"C
S0+dveE"T
S0+36€°C
so+3ev 2
so+d8Y T
S0+3267 ¢
S0+395° ¢
So+319°¢2
S90+349°¢C
S0+369°¢
So+dAVL"C
SO+d8L" T
S0+3d€B8°C
So+dAL8" ¢
S0+d16°2
S0+d96° 2
S0+300°€
SO+dG0°E
S0+d60° €
SO+dET1"€
SO+dBI" €
SOo+dAZC "€
SO+dALE" €
SO+dlE" €
SO+3ASETE
SO+d0V €
SO+3AVP°E
SO+36b "€
SO+3AYS €
S0+3ABS €
S0+3Z9°€
SO+dAL9 "€
SO+dTL"E
SO+d9L°E
GSO0+308° €
So+3¥8° €
S0+368° €
SO+UE6 "€
GO+dL6°E
SO0+3dZ0° ¥
S0+d90° ¢
SO+dAIT ¥
SO+dST b
SO+3d6T° P
So+dbC b
S0+3dBT b
SO0+3ZE" P

| ZANA TR
91" 16El
Pl o6€1
90°68¢t1
86°L8ET
06981
88°6BET
08°¥8ET
ZL7EBET
¥9°ZBEL
Z9°18t1
¥GT08BET
9r°6LET
8E°8LET
9€"LLET
8C°9LET
0Z°GLET
T bLET
PO ELET
ZO0"ZLET
¥6"0LET
98769€T
8L 89ET
9L L9k
89°99¢1
09°G9€ET
ZSTP9ET
T E9ET
v 29t
PE-T9ET
92°09¢1
BT 6SET
867 LSET
8L°96¢1
9L"GGET
89" PSET
09°€GET
Z2G9°2ZSET
0S°"1ISET
Ch OSET
YE“6VET
9Z°8bET
PTTLPET
9T 9PET
80 GFET
00" FFET
26°ZhET
06" ThET
ZB OYET
PL BEET
99" BEET
P9 LEET

“SIZiel
"TITIES
L00TEZ
TE060el
"69L0ET
°G690¢eC
©Z660¢2
"8ryoed
“vveoee
"oveoec
"9EI0EL
"Ze00¢l
“8Z6SZ¢C
141744
"0TLSZZ
919522
“zZigsee
"80vs<C
“p0ESZe
"00Z2S<C<C
950822
"ZS6vZe
R:12:1 244
AN 744
“ovavec
"9EShZe
kA% 4244
"8ZEbCT
W X44 £24
MTAS 244
A8 244
AL XA4
"008€2Z
141 X4
141 X44
"ovveze
TLeeele
TEEZETT
“6Z1ece
B YAUX~+4
“1Z62¢c¢
“L182¢¢
"e1LZee
"609222
"60682Z¢
"1o¥eee
tLec2ee
T€8T122¢
"6b0222e
"SP61ZC
“1v81ce
“LELICT

L
ZL
ZL
<L
ZL
ZL
ZL
L
ZL
L
ZL
ZL
ZL
ZL
L
L
L
L
cL
L
ZL
L
L
<L
L
L
cL
L
<L
ZL
ZL
L
ZL
ZL
<L
ZL
ZL
<L
L
L
L
ZL
ZL
ZL
ZL
ZL
ZL
ZL
ZL
ZL
<L
ZL




08792 €t1°0 SE”"S “6— *9¢Z k- 0€£°0 65°8EbT "GEBSEZ B8L"9 x> "6b “Z11- ¥0°0 PO+3TB°T Z9°BEVT "BEBGEZ ZL

859°2% 06270 Ly S "1 M 24 "Sy—- 0270 P2 LEVT "PTILGEZ OT°L "G i "8L- G070 bO+3SZ°C VSTLERT TPELSEZ ZL
891°0€ 00Z°0 9b°S TE- i X4 ‘Sy- OF°0 EPTIEPT "929G€Z ¥6°9 "0s-  "1E "8y~ BO°O bO+3L9°C <ZST9EVT "0E9SET TL
1SZ2°0 L10°0 or-g Y 91 ¢S~ 09°0 BE SEPT "€ZGGEZ 08B P °S “ET “0E~ 1070 VO+3ITL"E PP SEPT "9IS5GET L
FCcE"0 0Z0°0 BE"S “L- M 4 €S- 0S°0 EE"VEFPT "OZPSEZ 680 Y At "G¢—- T0°O0 PO+dA9G € I9SE"PEVT "ZC¥SEC TL
LLT"O0 0Z0°0 8E" S b4 BT "ES— 0S°O0 SZTEEPT "STESET €970 T E- i ¢ T0Z—- T0°0 FPO+d00°F 82 tePTI "BIESES ZL
Z¢vC"0 SS0°O0 LY It “1e "LS- S50 LT ZEPT "OTZSEC GB8°F T6- "9 "€Z—- €070 PO+AZY b 9Z°CEPT "PITSEC <L
162°0 SZ0°0 0s" 9 i ad “61 0§~ 0Z2°1 60 TEPT "GOTSEZ 96°F tL- 1t "€Z- €070 pO+d98°F BT TebT "OTTSEC CL
12e"0 12070 0s°§ i At “81 "Z€S— G$6°0 LOOEPT “$00S€EZ 10°S Te—- "9 "ZZ— <070 PO+ATE"S OT°0€PT "900G€l ZL
66€°Z 69070 ¥S°s L~ 81 Ly— 0E°T 9Z2°6ZFT "9T6VEC 2679 "9- "9- "9Z- 60°0 bO+dASL"G Z0°6ZPT "Z06beEl ZL
68072 6T0°0 £S°S TIT-  CtX “bb~ 09°€ BZ"LZYT "LTLVEZ S8°S “9~ “oz " B— LO°0 bO+3AZZ°9 B8 LZPT "2ZSLPEZ ZL
605°Z2 L€0°O0 |20} L= ‘9t 66~ 00°¢ BV 9ZFT "629bEC P6°S 61~ "ZT- "BI- TTI°0 PO+dATL™9 B9°92FT "2Z¥9PEZ CL
11Z°T 62070 966 0T~ ST "ES~ E1°E 89°GZFT "TPSPEZ PO9°S " x4 "T1E- 6070 PO+dET"L 99°SZFT "BeESPEC ZL
68F°0 61070 158°§ TE— At "Z9— 09°¢ 6V "bCVT "6ZVFEZ 0Z°S 4 “Z- "6Z— G070 bO+HLG L 8G bIPT “bEVVEZ ZL
LLP"T LEOTO (AR N TLT "E9- L1 PGTECVT “CZEEbEZ 69°S "8 LT “be~ 8070 PO+dTO "8 OS €ZVT "OEEVEZ ZL
18L°0 61070 SG°S "1 "81 "19- 8072 €97ZCVT "BECZVEL bPb°S "0 "8 “Zk~ ¥0°0 PO+AEY"8 BV ZZVI "LZZVEZ ZL
999°1 8V0°0 9576 M S "91 "69—- oOL°¢ SGTIZVT "€E1beET BL™S ) "8 “GZ- €170 pOo+dAL8°8 OV 1IZPT “eZivelZ ZL
916°1T SEO"O 5979 i LY 96— 9Z°¢% 9€°0ZVT "TZ0PEZ €6°S ‘B "1 61—~ S1°0 PO+dZ2E°6 ZETOZPT "BIObEZ ZL
6021 0E0°0 £€9°% 1 LT "96~ L6°€E ST"6TPT "606€€Z TL"S 21— °1 "1e— 2170 PO+A9L°6 PTT6TVT "SI6EEL L
€EYZ"T #EC"O 1979 "L LT "09- 8L°FE 60°8TVT "S08€€l OL"S 1 "ST “Zeg~ ET°0 SO+dZ0°T 91 BIVT "T11BEtEZ L
062°1 E€E0°0 £€9°¢g “I- "81 "¥9— SO0°E ZO0°LTIPT "TOLEEZ €L°S "8~ °st “vb- 0170 SO+dI0°T  PT LTIVPT "LOLEEZ ZL
¥S6°0 82070 L9°% TL- 4 "¥9— S8°2 96 GIVT °LGSEEZ §9°¢ TG- "ST ‘€9~ 8070 SO+dIT"T 90°91FT "€09¢€€l <L
6.9°1T Sv0°O 99°§ A S ) § "¥9— 88°2 68°PIPT "ESVPEEZ BB"S TEe- LY “gg— €170 SO+3dST"T 86 °VIFT "6SFEEZ ZTL
SLZT EE07O0 89°G T9- LT "E9— oL ¢ 98 ETbT "ZSEEELC 6L°S 4 “ET "96—~ 6070 SO0+30Z°T 06 ETHT "SGEEEZ ZL
8L2°T ZvO0°O0 L9°s tZ- "81 "89—~ &9°¢ 06°ZTV1 "pSCEEl BL™S B4 S -] § b= 1170 SO+3aAVZ" T 287 ZTI¥1 "162€tZ ZL
196°T %50°0 697§ TG~ 91 "69— 8L'Z I8 TIPT "6PTIEEZ B86°G TE 4 "6€— ST°0 SO+d8Z°T OB TTIPYI "Lb1E€EC ZL
Z86°T 8£0°0 99°¢G 4 “81 “€L—- ST°€E €9°0TFT "B8EOEEZ 96°S °S °6T “#h—- 2170 SO+IEE"T ZL70TVT "ev0EEd ZL
€85°1T €€0°0 vL"S TO0TI- 1L "G9~ 0OF°S GG 60VT "EE6ZEC V6°S “E “ve ‘g1~ 81°0 SO+ALE"T PI°60FT "6€E6ZEZ TL
o¥9°"1T LEO'O 8L"S "9- 4 "I9—- 88°S 0S"80FT "0£BZEZ 66°S A CO ] "6Z- 22°0 GO+dATP T 99 °BOFT °"SE8ZEZ ZL
PPv" T €EO°O 6.9 "I~ o2 “09- o0€°9 P LOPT "GQZLZEZ S6°S 66— "1z ‘6e— 1270 SO+dA9P°T  bS LOPT "TELZIET ZL
ote"Z 0Ov0o' O 18-S B2 4 89—~ 8V°L LEIOPT "ZZ92¢Z B1°9 "6I- “OT—- “e€b— O€°0 SO+30S°T 9V 9001 ~LZ92¢€Z TL
869°T ¥EO"O c8° S "el~- 12 "09- O0OF°L 6Z°SOFT "LTIGZEZ GO°9 “hI- TG- “LE= 9270 SO0+dPS"T BE GOVT €292 TL
691°Z2 VvbO O 6L"S “el- 12 "09- 01°L 9E"VObT "2Z¥CEZ ET°9 R4 S A L= 1e°0 G0+36S°T O0E"FOPT "61bZE€Z 2L
90L°T SEO0°0 i8°S "6l 61 "Z9—- v6°9 6Z°tObT "BIEZEZ ¥0°9 "0t- “Z1 “€S— ¥Z°O0 SO0+3€9°T 8Z°€ObT °"GT€2€Z ZL
LSZ°T 62070 8°S LI- 12 "E9~ 09°L €8°TOPT "0STZ€Z 267G "ZZ- To0e “Zv— 2Z°0 SO+d69°T ¥B T1OPT "1S1ZEZ ZL
056°1 ZEO°O 98° S "SI- €L "€9— G176 9L°00FT "9%0Ztl S1°9 “8- "ol "6€— 6Z°0 SO+dEL"T 9L°00%T ~L¥b0Z€Z CTL
Le6” 1 obO°O 58°S "L “8e "8L—- 89°L 0L 66ET “2Zb61€Z P1°9 "0 44 S~ 1€°0 SO+dBL T VL "66ET "€EV6TIEZ CZL
6vv"l 0bO'O LB"S N "6< "e8— 09°8 €9°B6ET "8BEBIEZ 6079 °8 4> 89— ¥FE°O GO+3dZB°T 99°B6ET "6£8BTEZ 2L
ove 1L vv0'O BB ™S 1t "6Z 16— o018 SGTLE6ET "EELTEZ P19 x4 "9t "ZL—- 9E°O SO+3d9B° 1T B8S L6ET °"SELIEZ ZL
9¢o°1 98070 98" G "8 "9¢ ‘68—~ t6°8B 0G"96ET "0€91€Z ¢1°9 " "9t “CL— CETO SO0+3dT6°T 06°96ET "1E91EZ L
6B0"¢ (V00 (87§ et x4 g8~ 0€°8 €V S6ET "9CSTETZ 6T1°9 "ST g "€9— 6E°O SO0+dG6°T ZP°S6E€T ~LZSTEC ZL
EBg"1 vbo'O 98" S el T4 "06—- EO0°6 LE"P6ET "ZZViIEZ €1°9 i "0 "¢B= OF'0 S0+d00°Z OFP"k6ET "EZVIEC CL
(<61 SKO°O0 38°S "L T4 88— 0976 6C E6ET "LIETECZ PI°9 LT 4 “LL—~ ERTO S0+3k0°C ZETEBET "6IElEC <L




M/Q =12 Final moments computed from

) g

doy

SCET
hhmmss

 SCET
minutes

distance Density

km

cm-3

model calculations

Log (T)

Total
seconds

230105.
230513.
231337.
231337.
2322189.
232747.
232953.
233202.
233202.
233408.
233618.
233824.
234034.
234240.
234240,
234449.
234655.
234923.
235201.

B U JOODWOWHHEHHBHEERHEHDNODODD

.54E+05
.37E+05
.03E+05
.03E+05
.67E+05
.45E+05
.36E+05
.27E+05
.27E+05
.19E+05
.10E+05
.01E+05
.22E+04
.36E+04
.36E+04
.47E+04
.61E+04
.60E+04
.52E+04

o s
®JINHNDO Y

ooy O dWHPFP OO

HSE Coord
Vy vz
-26
-21.

-6. -6.
3. -13.
0. -9.
1. -2.
0. -1.
2. -4.
4, -5.
3. -6.
1. -3.

-1.

-3.

-2.

-3.

-4, -2.

-3. -3.

-4, -1.

-1.
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=13 Fina) moments computed fraom

SCET
hhmms s

SCET
minutes

grstance Density

km

cm-3

mode

catcuiiator.

HSE Coord

Vy

Vz

Log(T

)

Toctal
seconds

230105,
230513.
234034.
234240.
234240.
234449.
234655,
234923.
235201.

£ N OY 00 00 WM

.22E+04
.36E+04
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.47E+04
.61E+04
.60E+04
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M'C =14 Final! moments computed from meode’™ toiculations

doy

SCET
hhmms s

231337.
232953.
23320¢2.
233202.
233618,
233824,
234034.
234240.
234449,
234655

SCET

minutes

distance Density

O~ OO WO = b s b PN

km

.47E+04
.61E+04

ORIGINAL PACE IS
OF PCOR QUALITY

cm-3

O O = OO0 O0OO0OO0O

HSE Coord

Log(T)

ToOnoTogrTogrT ot g oT o

Total
seconds



MiQ =15 Final moments computed from modet caicu ations

doy

SCET
hhmms s

SCET
minutes

distance Densaty

km

cm-3

HSE Coord

Vy

Vz

Log(T

)

Total
seconds

23221¢.
234034
234240.
234240.
234449,
234823.
235201.

.67E+05
.22E+04
.36E+04
.36E+04
LATE+04
.60E+04
.52E+04



220105,
230513,
231337.
231337.
232219.
232747.
232956.
233202.
233202.
233412.
233618.
233828.
234034.
234243.
234243.
234449,
234655.
2349726,
235205.
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km

.54E+05
.37E+05
.03E+05
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.67E+05
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L27E+05
.27E+05
.18E+05
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.01E+05
.22E+04
.33E+04
.33E+04
.47E+04
.61E+04
.5B8E+04
.49E+04

cm-3

HSE Coord
Vy

Vz

© =1t Final moments computec from model calculations

Log(7

oot oI aTgmToOT oo oo o

)

Total
seconds
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M/C =17 Final moments computed from mzae. calicCu atrons

doy

SCET
hhmmss

230105.
230513.
231337.
231337.
232219.
232747.
232956.
233202.
233202.
233412.
233618.
233828.
234034.
234243.
234243.
234449,
234655.
234926.
235205.
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£ N ON =1 00 Q0 W 1 bd b bt et e DO RO PO

km

.54E+05
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L45E+05
.36E+05
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.18E+05
.10E+05
.01E+05
.22E+04
.33E+04
.33E+04
.47E+04
.61E+04
.58E+04
.49E+04

cm-3

K3E Coord

Vy

Log(T

oottty oo

)
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doy

=18 Final moments computed from mode: caiculations

SCET
hhmms s

SCET
minutes

distance Density

km

cm-3

HSE Coord

Vy

Vz

Log(T

Zay

)

Total
seconds

230105.
230513.
231337.
231337,
232219.
232747.
232956.
233202.
233202.
233412.
233618.
233828.
234034.
234243.
234243.
234449.
234655.
234926.
235205.

D2 NN O ~d 00 00 WO 4t bk ot bt b = b = O NI PO R

.54E+05
.37E+05
.03E+05
.03E+05
.67E+05
.45E+05
.36E+05
.27E+05
.27E+05
.18E+05
.10E+05
.01E+05
.22E+04
.33E+04
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.61E+04
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M =28 Final moments computed from moaei ca‘culations

aoy

SCET
hhmms s

SCET
minutes

distance Density

km

cm-3

HSE Coord

Vy

Log(T)

Total
seconds

231341.
232223.
232750.
232956.
23320¢.
233828.
234037.
234243.
234243,
234453.
234659,
234930.

OU oY~ 00 00 WO r= = — == N\
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M T =37 Final moments computed from moge’ <alculations

ooy SCET SCET distance Density H5: Coord Log(7) Total
hhmmss minutes km cm-3 Vi Vy V2 K seconds
Tz 231341. 1393.68 2.02E+05 2.50 -44. -6. -6. 6.37 1536
72 233206. 1412.10 1.27E+05 5.50 -27. 2. -4. 6.01 640

7z 234243. 1422.72 8.33E+04 6.80 -lb. -2. 0. 5.66 640
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Velocities HSE Coord (km/s)

Log T (K)
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Velocities HSE Coord (km/s)
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THE VELOCITY DISTRIBUTIONS OF COMETARY PROTONS
PICKED UP BY THE SOL.AR WIND

M. Neugebauer,! A. J. Lazarus,? H. Balsiger,3 S. A. Fuselier,®

P ikl

F. M. Neubauer, and H. Rosenbauer®

Abstract, Velocity space distributions of picked up
cometary protons were measured by the ion mass spectrometer
on the Giotto spacecraft upstream of the Halley bow shock.
Large pitch angle anisotropies were observed at all distances
>1.2 x 106 km from the comet. As expected, pitch angle
diffusion was much more rapid than energy diffusion. When
the field was quasi-parallel to the solar wind velocity vector, it
was possible to discern the effect of pitch angle scattering by
sunward propagating, field-aligned hydromagnetic waves, but
there is evidence for other scattering modes as well. For
quasi-perpendicular geometries, the pitch angle distribution
was very asymmetric with phase space density peaks near
pitch angles of 180°. It is suggested that the asymmetric pitch
angle distribution may be caused by global rather than local
wave-particle interactions. Just outside the shock, the piich
angle distribution was nearly isotropic and the radius of the
pickup shell increased significantly.

Introduction

The outermost parts of cometary comae have turned out to
be excellent sites for the study of a wide variety of wave-
particle interactions of importance to space plasma physics.
The comet-solar wind interaction offers an excellent
opportunity to analyze waves excited by the pickup of
cometary ions by the solar wind as well as the effect of those
waves back on the plasma. Data obtained by six spacecraft at
P/Giacobini-Zinner and P/Halley have inspired a great
number of theoretical and observational papers. The present
paper is of the latter type. We present observations of the
velocity distribution functions of picked-up cometary protons
measured by the ion mass spectrometer (IMS) on the Giotto
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spacecraft over the distance range of 1 to 5 Mkm (I Mkm =
108 km) from the nucleus of comet Halley. The velocity
space distributions of the picked-up protons are found to
depend on both the direction of the interplanetary magnetic
field and proximity to the Halley bow shock. Just as
Glassmeier et al. [1987, 1989] found very different wave
modes and magnetic power spectra for quasi-parallel and
quasi-perpendicular conditions, we find very different pitch
angle distributions for those two situations.

Instrumentation and Data Selection and Reduction

The design and operation of the Giotto IMS has been
described by Balsiger et al. [1987]. The IMS consisted of
two sensors named HIS and HERS. The data presented here
were obtained outside the Halley bow shock by the high
energy range spectrometer (HERS). HERS was a true mass
spectrometer capable of mapping velocity distributions as a
function of ion mass/charge so the proton distributions could
be studied without contamination or confusion by other ion
species.

The HERS energy range for protons extended from 10 to
4500 eV. The field of view for proton detection extended
from 15° to ~70° from the spacecraft spin axis, which was
aligned with the velocity vector of the spacecraft relative to
the comet. The geometry is illustrated in the inset in Figure
1. The instrument mapped out 349° in azimuth during o
spacecraft spin. The angular bins used for the preseint
analysis were 15° in elevation by 11.25° in azimuth. A thre -
dimensional proton velocity distribution was measured every
fourth spacecraft spin (spin period equal to 4 s).

The present analysis uses 64-s averages of the direction: of
the interplanetary magnetic field as measured by the Givtto
magnetometer, which has been described by Neubauer e al.
[1987]. This instrument measured the vector field e ery
0.035 s. The magnetometer data have been corrected for the
spacecraft field and interferences.

Eleven upstream intervals, lettered a through k, were
selected for detailed study on the basis that the direction of the
interplanetary magnetic field remained relatively steady for a
sufficiently long time to accumulate data conceming the three-
dimensional distribution of picked-up protons relative to the
magnetic field direction. In general, the farther from the
comet, the lower the density of picked-up protons, und the
longer the interval required to obtain statistically significant
results. The locations of the selected intervals relative to the

bow shock of comet Halley are shown in Figure 1. The
shock was encountered at 1922 UT at a comcioeentric
distance of 1.14 Mkm; thus the data in interv 1k were

obtained just outside the shock.
Table 1 lists pertinent information for each inteival. From
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Fig. 1. Locations of the intervals analyzed relative to the bow
shock of comet Halley, in Halley-centered solar ecliptic
coordinates (HSE). The inset shows the HERS field of view
(FOV) relative to the spacecraft velocity vector, Vs/c, and the
solar direction XHSE. The field of view is rotationally
symmetric about Vg/c.

left to right, the columns in Table 1 are (1) the letter
designation and universal (spacecraft event) time, on March
13, 1986, at which the data were obtained, (2) the solar
ecliptic latitude angle of the average interplanetary magnetic
field vector (positive to the north), (3) the solar ecliptic
longitude angle of the average field vector (0° toward the Sun
and positive in the direction opposite to planetary motion), (4)
the expected radius of a spherical shell of picked-up protons,
calculated from the observed solar wind velocity, taking the
velocity of the comet into account and assuming an average
outflow speed of neutral H atoms of 11 km/s relative to the
comet (see Neugebauer et al. [1989] for a discussion of H
atom speeds), (5) the angle a between the field direction and
the solar wind velocity vector relative to the H atoms, (6) the
angle 8, between the average magnetic field vector and the
direction from the spacecraft to the comet nucleus, and (7) the
angle By.. between the field and the velocity vector of a

Neugebauer et al.: Cometary Pickup Protons

field-aligned beam of protons reflected from the Halley bow
shock. P
Figure 2 summarizes the pickup proton distribution
functions for each of the 11 intervals. Time increases and
distance to the bow shock decreases from the top to the
bottom of the figure. The method of transforming the data’
from a spacecraft coordinate system (speed relative to the
spacecraft, elevation angle, and azimuth angle) to a solar-
wind-magnetic (SWB) coordinate system moving with the
wind and having the field direction as one of its axes has been
described by Neugebauer et al. [1989].

Figure 2 shows two plots for each interval. The plots on
the right show one-dimensional speed distributions, in SWB
coordinates, averaged over both gyroangle and pitch angle,
while the left-hand plots present the pitch angle distributions,
averaged over both gyroangle and the thickness (in velocity
space) of the shell of picked-up protons. The lower limits
used for the integration over speed in the calculation of the
left-hand plots were obtained from the minima in the right-
hand curves between the solar wind and pickup proton
distributions. The upper limits were the speeds at which the
phase space densities first reached the instrument background
level. For both sets of panels the ordinate is the base 10
logarithm of the phase space density, f, in units of cm™3 km3
s3. The mean distance from the comet in units of 106 km
(Mkm) and the angle a are given to the right of each pair of
panels.

In each panel, the observational data are indicated by
circles. The horizontal error bars indicate the 15° widths of
the pitch angle bins within which the data were averaged, and
the vertical error bars show the uncertainties associated with
counting statistics. The range of pitch angles sampled
depended on the angle between the magnetic field and the
spacccraft spin axis; that dependence accounts for the lack of
observations at large pitch angles during interval d, for
example, and for poor sampling and large error bars at very
large or very small pitch angles in many of the other intervals.
Unfortunately, the counting statistics are probably not the
most significant source of uncertainty or error. First, there is
~30% uncertainty in the absolute calibration of the instrument
which affects the absolute values, but not the shapes, of the
curves in Figure 2. Second, computation of the weighted

TABLE 1. Average Parameters for Intervals Used in This Study

98, ¢B, Radius, o, GBC, ebcam,
Interval, UT deg deg km/s deg deg deg
Possible range 90 +180 0-180 0-180 0, 180
a: 0010-0153 -18 -152 365 30 98 180
b: 0800-0859 28 12 383 150 98 0
¢ 1220-1249 2 138 352 49 33 ?
d: 1324-1424 -10 108 338 80 2 180
e: 1528-1549 87 -37 338 94 101 ?
f: 1633-1724 16 178 318 20 74 180
g 1731-1747 65 -145 320 70 106 180
h: 1757-1820 38 158 313 48 67 7
i 1828-1849 18 -172 283 21 84 1RO
jr 1905-1913 62 -100 274 94 [24 180
k: 1915-1922 S0 -25 285 S1 123 ?

ORIGINAL PAGE 18
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Fig. 2. (Left) Circles: measured pitch angle distributions of
picked-up protons. Histograms: distributions of pitch angles
expected for a perfect instrument (no uncertainties in angular
or energy measurements), indicative of average direction and
variations of the interplanetary magnetic field. Smooth curves:
calculated cold-ring distributions for model instrument
response and measured field directions (see text for
explanation). (Right) Circles: measured velocity distributions,
averaged over pitch angle. Smooth curves: calculated cold-
ring distributions for model instrument response (see text for
explanation). The ordinates are log,q (phase space density in
units of cm™3 km3 53).

averages plotted in Figure 2 requires knowledge of both the
geometric factor and the volume of three-dimensional phase
space covered by each speed-elevation-azimuth bin in which
counts were accumulated by the instrument; these factors are
neither uniformly well determined by the instrument
calibration data nor uniformly well modeled by the data
analysis software. In general, the instrument response is
very uniform with respect to the azimuthal angle mapped by
the spacecraft spin. At the other extreme is a strong and not
very well understood or modeled variation with proton
energy at any given angle, with the greatest uncertainty at the
lowest energies (with respect to the spacecraft). Knowledge
and analytical modeling of the elevation response lie between
these two extremes. The propagation of these uncertainties
into the SWB coordinate system depends on the orientation of
the magnetic field and is therefore different for each panel in
Figure 2. In the discussions which follow, we will point out
which results might possibly be affected by inadequate
modeling of the instrument response.

The continuous curves in Figure 2 show the expected
response of the instrument to cold rings of picked-up
protons. The method of calculating the cold-ring curves
requires some explanation. First, there are contributions to
the widths of the curves from variations of both the solar
wind velocity and the direction of the magnetic field during an
averaging interval. Histograms of the expected pitch angles
due to those variations alone are shown at the bottom of each
panel. The scales for the histograms, in units of the number
of 64-s intervals, are linear and are indicated on the right
sides of the left panels. The second contribution to the
widths of the cold-ring curves is the response function of the
instrument. A perfectly cold ring of cometary protons, all
picked up at the same velocity and the same field direction,
would not result in a delta function in cither the pitch angle or
the speed distribution because of the finite velocity space
acceptance cone of the instrument. The dominant effect arises
from the instrument's approximately triangular energy
response function which has a full width at half maximum of
~250 eV [Balsiger et al., 1987]. The effects of solar wind
variability and the instrumental response were combined by
calculating a pitch angle distribution and a velocity spectrum
for the cold ring of pickup protons every 64 s, taking the
instrument acceptance function into account and using 64 s
averages of the solar wind vector velocity and field direction.
Each resulting set of 64 s distributions was then summed and
normalized to match the peak height of the observed
distribution. In other words, the curves in Figure 2 represent
convolutions of the instrument acceptance cone in velocity
space with the temporal variations of the solar wind and the
interplanetary magnetic field during the averaging intervals,
ignoring the fluctuations faster than 64 s which Glassmeier et
al. [1989] and others have shown to be of small amplitude
and to carry only a small fraction of the power.

Results and Discussion

The processes responsible for the different types of pitch
angle and velocity profiles shown in Figure 2 are most easily
discussed in three separate groups: quasi-paralicl pickup,
quasi-perpendicular pickup, and phenomena associated with
proximity to the bow shock.
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Quasi-Paralle! Pickup

First consider the pitch angle distributions on the left side
of Figure 2. As previously reported for the region well
upstream of the bow shock [Terasawa et al., 1986;
Neugebauer et al.,, 1986, 1987; Wilken et al., 1987}, the
pitch angle distributions are very anisotropic, except for
interval k just outside the bow shock. On the other hand,
comparison of the observed 1phase space density to the
instrument noise level of ~10116 cm™3 km3 s3 [Neugebauer
et al., 1989] leads to the conclusion that there was a
measurably large flux of picked-up protons at all observable
pitch angles for all intervals except perhaps intervals a and c,
which were more than 2.5 Mkm from the comet.

For the quasi-parallel intervals (intervals a, b, c, f, h, and
i, with & < 50° or > 130°), there was a fairly good, but not
perfect, correlation between the pitch angle at which the
maximum phase space density was observed and the pitch
angle at the peak of the distribution expected for the ensemble
of cold-ring distributions (continuous curves).

For every interval, the observed pitch angle peak was
wider than the calculated cold-ring peak. Such peak
widening is expected to be caused by (1) protons picked up
upstream of the spacecraft where the field direction may have
differed slightly from the locally measured direction due to
the propagation of waves through the plasma and (2) pitch
angle scattering by either preexisting waves in the solar wind
or by waves created by the unstable distribution of the
picked-up ions. The general trend was for the pitch angle
distribution to broaden as the comet was approached. Far
from the comet, at 3.8 and 5.7 Mkm, the ratio of the peak to
the minimum phase space density exceeded an order of
magnitude. Closer to the comet, in interval i, the ratio of
maximum to minimum phase space density was reduced to a
factor of ~3, while just outside the bow shock, in interval k,
the distribution was nearly isotropic, indicating that pitch
angle scattering had filled the shell nearly completely.
Intervals i-k were in the region identified as the cometary
foreshock by Reme et al. [1986).

Next consider the speed distributions on the right side of
Figure 2. Note that the plots cover only the range 200-500
km/s, so that the solar wind peak at zero speed has been
excluded. The high-speed tail of the solar wind distribution
can be seen at the low-speed end of each spectrum. More
complete speed distributions have been presented by
Neugebauer et al. [1989). .

For all the quasi-parallel intervals except interval h (a =
48°), the observed peak was at a slightly lower speed than the
cold-ring peak. The probable explanation of this effect can be
understood with the aid of Plates 1 and 2, which show phase
space density contours of the velocity space distributions for

quasi-parallel intervals b and f, respectively. These two-
dimensional contour plots have been averaged over
gyroangle. The vertical and horizontal axes are the
components of velocity perpendicular and parallel to the
average magnetic field, respectively. (Note that a proton
with zero pitch angle, i.e., one moving parallel to B, would
be at the extreme left side of Figure 2 but to the right of the
origin in Plates 1 and 2.) The contours were calculated from
data which had been binned by 20 knys in speed and by 15°
in pitch angle. The symbols L and H in these figures denote
local minima or maxima in log f, respectively. There are four

contours per decade of phase space density. In both Plates 1
and 2, the solar wind peak is readily distinguishable at v a
Voo Coordinates of (0, 0). From the peak of the solar wind
distribution, the phase space density dropped approximately 5
orders of magnitude before increasing again due 1o the
presence of the pickup protons. The two highest density
contour intervals in the pickup shell have been color coded,
as have the corresponding intervals in the solar wind peak.
The peaks of the expected cold-ring populations are indicated
by the circled asterisks. Arcs of elevated log f stretch out in a
direction roughly consistent with that expected for pitch angle
scattering, It is apparent from Plates | and 2, and from all the
other contour plots we have examined, that pitch angle
scattering is much more rapid than energy diffusion,
consistent with current theoretical understanding of the
pickup process [e.g., Gaffey et al., 1988).

The dashed line in Plate I represents a surface of constant
speed centered on (0, 0). At negative values of Vpar (Pitch
angles greater than 90°), this dashed line lies considerably
outside the shell of picked-up protons. The dotted curve in
Plate 1 is a circle passing through the cold-ring peak and
centered at the point (va. 0), where v, is the local value of
the Alfvén speed; that point is indicated by a circled point on
the abscissa. The dotted curve is the locus of points expected
to be occupied by picked-up protons which have been pitch
angle scattered from the initial ring by Alfvén waves
propagating along the magnetic field toward the Sun [e.g.,
Wu et al,, 1973; Lee and Ip, 1987; Price et al., 1988; Lee,
1989]. The observed shell of scattered pickup protons is
located about midway between the dashed and the dotted
circles, perhaps slightly closer to the dotted circle.

A similar phenomenon is apparent in Plate 2 for interval f.
The magnetic geometry was such that the ring had Vpar Vperp
coordinates of approximately (-300, 100) km/s, and waves
propagating along the field toward the Sun would be located
on the negative Vpar aXis. Once again, the observed shell of
scattered pickup protons is between the two circles.
Glassmeier et al. [1989] have made a detailed study of the
upstream waves observed by Giotto for two particular
intervals. Our interval f nearly coincides with the quasi-
parallel interval (1620-1730 UT) in their study. They
concluded that during this period, the observed turbulence
clearly exhibited an Alfvénic character with sunward wave
propagation, consistent with the dotted circle drawn in Plate
2.

The postulated effect of pitch angle scattering by waves
traveling along the field toward the Sun can be readily
discerned in each of the six quasi-parallel intervals, We
interpret the fact that the picked-up protons tend to occupy a
surface which lies between a sphere centered on the solar
wind velocity and a sphere offset by an amount cor-
responding to sunward propagation of Alfvén waves as
evidence for the existence of additional scattering modes or
sources, such as scattering by antisunward propagating
waves intrinsic to the solar wind or by nonparallel pro-
pagating, locally generated waves.

Quasi-Perpendicular Pickup

In addition to the dependence on distance from the comet,
there is an inverse correlation between the pickup proton
anisotropy and the angle o between the velocity and the



Neugebauer et al.: Cometary Pickup Protons 5231

;‘ F
0 1 i 18 I 1 L oy
-500 -300 -100 ~100 300 500
Vpar, km/s
Plate 1. Contours of proton phase space density for quasi-parallel interval b from 0800-0859 UT, March
13, 1986, when the spacecraft was 3.8 Mkm from the nucleus of comet Halley. There are four
contours/decade, with f measured in units of em-3 km-3 s3. See text for further explanations.
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p = Plate 2. Contours of proton phase space density for quasi-parallel interval f from 1633-1724 UT, March
13, 1986, when the spacecraft was 1.7 Mkm from the nucleus of comet Halley. There are four
contours/decade, with f measured in units of e km3 s3. See text for further explanations.
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magnetic field. This effect is evident by comparison of the
quasi-perpendicular intervals d, e, g, and j with their nearest
quasi-parallel neighbors in Figure 2. The pitch angle
distributions are more sharply peaked for the quasi-parallel
intervals than for the quasi-perpendicular. The observed
correlations of pitch angle peak widths with cometary
distance and with o are qualitatively consistent with the
theoretical and numerical calculations by Price et al, [1988])
who showed that the growth rate of waves excited by freshly
created ions in the solar wind increases with both newborn
ion density and the angle o over the range 0 < « < 60°. Gary
et al. [1989], on the other hand, have shown that a high
growth rate of waves does not necessarily imply strong
effects on the distribution functions. ’

But there are other peculiarities about the quasi-
perpendicular intervals which bear further scrutiny. First
note the very similar asymmetric pitch angle distributions for
intervals e, g, and j. Also note that in all those cases the
highest density was observed near a pitch angle of 180°
rather than at the pitch angle predicted by the cold ring model
calculations. Interval d might, or might not, have had a
similar asymmetry, but the large pitch angle part of phase
space was not visible to the instrument for the direction of the
field experienced during that particular interval. The apparent
drop-off at large pitch angles for interval d may not be real; as
indicated by the error bars, there were very few counts, and
those which were recorded came from the very edge of the
field of view where the geometric factor is not well known or
modeled.

Plates 3 - 5§ show two-dimensional contour plots of
phase space density for intervals e, g and j. In all three cases
the asterisks denoting the peaks of the cold-ring distributions
lie at the low pitch angle end of a ridge of high phase space
density which stretches out along or near the dashed line; for
intervals e and j, the ridges were inside and outside the
dashed line, respectively. The pitch angle scattering was
apparently very asymmetric for all three intervals with little
scattering toward smaller pitch angles. The pitch angle
distributions for the quasi-perpendicular intervals are so
counter to our expectations that we have studied these
distribution functions in great detail to search for instrumental
effects which might possibly be responsible. Examination of
the origin of the counts used to construct the pitch angle
distribution in Figure 2g and in Plate 4 reveals that (1) the
observed asymmetry between pitch angles greater than and
less than the cold-ring pitch angle is almost certainly real
because these two groups of pickup protons were incident on
the instrument with nearly the same energies and elevation
angles but at very different azimuth angles, and (2) a
substantial fraction of the pickup protons with pitch angles
near the cold ring had low energies in the spacecraft frame,
whereas those at larger and smaller pitch angles had higher
energies for which the instrument response is better modeled.
Thus very poor modeling of the energy response of the
instrument might be able to explain the rise in log f in Figure
2g between pitch angles of 90° and 180°. We believe, how-
ever, that this is not the correct explanation because the en-
ergy dependence of the instrument response has been
modeled, albeit somewhat crudely, and because the rise

" persists when all counts corresponding to proton speeds

(relative to the spacecraft) <300 km/s are dropped from the

analysis. The shapes of the pitch angle plots in Figures 2e
and 2j are similarly little affected by using only protons with
speeds over 300 kn/s rather than using all proton counts.

For the period 1500-1600 UT, which includes our interval
e, Glassmeier et al. [1987, 1989] found a broad, low-
amplitude shoulder of excess power in magnetic variations
which peaked near 30 mHz and extended from 20 10 90 mHz.
The proton cyclotron frequency at that time was ~60 mHz,
From cross-spectral analysis, Glassmeier et al. (1989] found
that this enhanced wave activity was due to left-hand
elliptically polarized waves propagating antiparallel to the
ficld. Theoretically, one would expect waves propagating in
the antiparallel direction would arise from instabilities caused
by a steep negative slope df/dy, where |1 is the cosine of the
pitch angle [e.g., Lee, 1989]. In Plate 3 there is a steep
positive slope of log f versus pitch angle near 90°, which
corresponds to a negative value of dffdu. Although most
instabilities associated with pickup ions are right handed, the
growth of left-hand modes is possible for o near 90° [Gary
and Madland, 1988]. We suspect, therefore, that the waves
analyzed by Glassmeier et al. [1989] are the result of the
asymmetric pitch angle distribution rather than its cause.

Another line of evidence that the waves were caused by the
skewed distribution rather than vice versa is that at pitch
angles >90°, the ridge of high pickup proton density lies
slightly inside the dashed circle in Plate 3. If the protons had
been scattered by the observed waves which traveled
antiparallel to B, they would be found along a circle centered
to the left of the origin and would thus lie outside, rather than
inside, the dashed line.

Thus the problem is to find a plausible cause of the
distributions shown in Plates 3-5. One possibility is that the
protons observed at large pitch angles during intervals e, g
and j were reflected from the bow shock. Réme et al. [1987]
have used the electron heat flux ratio (defined as the ratio of
the minimum to maximum heat flux parallel and antiparallel to
the field direction, which was taken as the axis of symmetry
of the electron momentum flux tensor) as a diagnostic of
magnetic connection to the Halley bow shock. Values of the
heat flux ratio close to unity are interpreted as evidence for
electrons streaming back along the interplanetary magnetic
field in a direction opposite to the heat flux from the Sun. On
this basis, Figure 1 of Reme et al. [1987} would imply that
the spacecraft was magnetically connected to the bow shock
during all of intervals e and j and for most of interval g. The
right-hand column of Table 1 gives the probable direction
relative to the field of a beam of protons reflected from the
shock. For intervals g and j, reflected protons would have
pitch angles near 180°, which is where excess densities were
observed. During interval e, the interplanetary magnetic ficld
had a large northward component while its projection in the
ecliptic was nearly parallel to the shock surface, making it
difficult to guess which direction along the field line might
lead to the comet.

The Réme et al. [1987] heat flux data suggest that intervals
b, i, and k might also be periods of magnetic connection to
the bow shock. Interval b is the quasi-paralle! interval for
which the phase space density contours are plotted in Plate I.
Few reflected protons would be expected at interval b's
cometocentric distance of 3.8 Mkm. Furthermore, any ficld-
aligned reflected protons would have had nearly the same



Neugebauer et al.: Cometary Pickup Protons 5233

0 ' .
-500 -300

] | 1
-100 100 300 500

Vpar, km/s

Plate 3. Contours of proton phase space density for quasi-perpendicular interval e from 1528-1549 UT,
March 13, 1986, when the spacecraft was 2.1 Mkm from the nucleus of comet Halley. There are four
contours/decade, with f measured in units of cm3 km3 s3. See text for further explanations.
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Plate 4. Contours of proton phase space density f for quasi-perpendicular interval g from 1731-1747 UT,

March 13, 1986, when the spacecraft was 1.6 Mkm from the nucleus of comet Halley. There are four

contours/decade, with f measured in units of cm 3 km 353, See text for further explanations.
p
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Plate 5. Contours of proton phase space density for quasi-perpendicular interval j from 1905-1913 UT,
March 13, 1986, when the spacecraft was 1.21 Mkm from the nucleus of comet Halley. There are four
contours/decade, with f measured in units of cm™3 km3 s3. See text for further explanations.
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Plate 6. Contours of proton phase space density for interval k from 1915-1922 UT, March 13, 1986, when
the spacecraft was just outsxde the bow shock of comet Halley. There zre four contours/decade, with {
measured in units of cm™ km3 s3. See text for further explanations.
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pitch angle as the cold-ring pickup protons, thus making the
distinction between the two groups of protons impossible.
Intervals i and k are discussed in the next section.

The properties of superthermal ions upstream from
planetary bow shocks and interplanetary shocks have been
reviewed by Paschmann et al. [1981] and by Thomsen
[1985]. To be consistent with the Giotto interval e, g, and j
observations, shock-generated particles would have
properties similar to what Paschmann et al. called "reflected
jons" and Thomsen called "field-aligned beams.” Such
particles are observed only for nearly perpendicular shocks
and are scattered into more diffuse distributions with
increasing distance from the shock. If (1) the distance the
reflected protons traveled from the shock to the spacecraft
equaled the distance along the spacecraft trajectory from the
spacecraft to the shock (which could be an underestimate if
the particles came from a closer part of the shock surface or
an overestimate if they came from a more distant part or took
a circuitous route), (2) the field direction at the shock was the
same as that observed at the spacecraft at the appropriate
earlier times, and (3) the shock normal direction was the same
when the reflected protons left it as it was when Giotto
crossed the shock, then the angle between the field and the
shock normal would have been 122°, 126°, and 132°,
respectively, at the times the protons detected during intervals
e, g, and j were reflected from the shock. There is therefore
some reason to believe that the shock might have been
sufficiently perpendicular at the appropriate times, but the
above calculation cannot be taken very seriously because of
all the unprovable assumptions.

We are very skeptical of the bow shock reflection
explanation of the 180°-pitch-angle protons for several
reasons. First, in neither interval e, g, nor j was the local
interplanetary magnetic field pointed toward the shock, This
does not rule out a shock connection because large kinks and
turns in the field are certainly possible, but it makes
connection less likely. The observed correlation of excess
field-aligned protons is with a, rather than with 8. or with
the likelihood of intersection of the local field direction with
the shock.

Another difficulty with the reflected ion scenario is that the
speed of ions reflected from Earth’s bow shock ranges from
1 10 5 times the solar wind speed (in the spacecraft coordinate
system) [Paschmann et al., 1981], whereas for intervals ¢, g,
and j the 180°-pitch-angle protons had speeds suspiciously
close to the speed expected for picked-up cometary protons.
Still another consideration is that there was a great deal of
wrbulence in the region between the spacecraft and the shock.
The fact that picked-up cometary protons are strongly pitch
angle scattered before they reach the shock, as illustrated by
Figure 2k, suggests that protons traveling upstream from the
shock would be similarly scattered and no longer form a
field-aligned beam by the time they reached the spacecraft,
which was 2.1 and 0.4 Mkm distant from the Giotto shock
crossing point during intervals ¢ and g, respectively.

There is also a question whether or not a weak cometary
shock is able to produce a field-aligned beam. Such beams
have not been observed upstream of interplanetary shocks
[Gosling et al., 1984], but it is not known whether this
difference between interplanetary and bow shocks is due to a
difference of Mach number or to a difference of the shock’s

scale size and the duration of connection of a flux tube to the
shock [Thomsen, 1985].

Finally, there are arguments [Sharma et al., 1988;
Hizanidis et al., 1988] that it is not appropriate to refer to the
slowing and heating of the solar wind and the generation of
turbulence by cometary ion pickup as a shock. If, as argued
in those papers, there is no shock at a comet, there would
also be no reflection of protons by a shack, in the sense with
which we are familiar from the study of planctary bow
shocks.

In summary, there are many reasons why we do not
believe the excess field-aligned protons originated at a
cometary bow shock. This agrees with the conclusion
reached by Fuselier et al [1987] who unsuccessfully
searched for backstreaming ions in the cometary foreshock
region. Although Glassmeier et al. [1987] originally
suggested the presence of reflected protons during an interval
which includes our interval e, they have since concluded
[Glassmeier et al., 1989] that reflected protons were probably
not responsible for the principal features of the observed
wive spectra.

Another consideration in the search for a cause of the
asymmetric pitch angle profiles for the quasi-perpendicular
intervals is the possible difficulty of scattering picked-up
protons across a pitch angle of 90°. Some models of wave-
particle interactions lack a mechanism for scattering particles
across a pitch angle of 90°. Ip's [1988] numerical models of
pitch angle scattering show a drop in density at 90° when the
pitch-angle-scattering coefficient is very small.
Observationally, the pitch angle profiles for intervals a and ¢
(see Figure 2) do show sharp drops in log f at pitch angles of
90°, but many other intervals do not. The principal
stumbling block for invoking such an effect for explaining the
pitch angle distributions for our quasi-perpendicubir intervals
is that we obtain essentially the same pitch angle disuibution,
with a peak near 180°, for interval e whether we use all the
data acquired during that time interval or only the subset of
data for which the instantancous (with 64-s resolution) ficld
direction corresponded to pitch angles <90°. For that subset,
the protons observed near 180° pitch angles would all have
been picked up at pitch angles <90° if the field had not
changed since the time and place of their pickup (which, of
course, may not be true).

Our final suggestion is that the systematically asymmetric
pitch angle distributions during the quasi-perpendicular
intervals might be a macroscopic or global rather than a local
effect. The picked-up protons might have been in a magnetic
configuration which allowed escape in one direction but not
the other. The global magnetic configuration was not
uniform. The field between the spacecraft and the comet was
stronger and more turbulent than the field between the
spacecraft and the Sun. Protons picked up with near-90°
pitch angles would have been readily mirrored by either
compressional waves or the increase in field strength as the
solar wind was slowed down by mass loading near the
comet.

The observed asymmetry would be consistent with
mirroring of particles into the upstream direction if the
direction northward along the field fine, parallel to B, ed
downstream and the direction southward along the field tine,
antiparallel to B, led upstream and back toward the Sun.
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This was in fact probably the situation for each of the
intervals e, g, and j. Both the interplanetary magnetic field
and the electron heat flux vector pointed outward from the
Sun with a northward component during most of the day
prior to the time Giotto crossed the Halley bow shock. The
small net electron heat flux remained northward and parallel
to the field during each of our quasi-perpendicular intervals
(D. Larson, personal communication, 1988). Thus the large-
scale magnetic configuration may have been responsible for
the north-south, or parallel-antiparallel, asymmetry of the
pickup proton distributions during the quasi-perpendicular
intervals. It is more difficult to imagine why the quasi-
perpendicular pitch angle distributions continued to increase
toward larger pitch angles with a maximum at 180°.
Explanation of that phenomenon is left as an exercise for
theoreticians.

Bow Shock Effects

Plate 6 shows the v ar Vperp cONtours for interval k,
during which the spacecraft moved through the 30,000-km
region just upstream of the bow shock. Once again, the
circled asterisk denotes the expected location in velocity space
of locally picked up protons, the dashed circle is the trace of a
spherical shell passing through this point and centered on the
solar wind bulk flow at (0, 0), and the dotted circle is again
centered on (v, 0) for field-aligned, sunward propagating
waves.

From the left-hand side of Figure 2k and from Plate 6 one
can see that the shell was well filled at all observed pitch
angles. Pitch angle scattering was much more nearly
complete than in any of the other intervals studied.

The highest values of log f for picked-up protons on the
shell were found at large pitch angles (negative v__ ). This is
reminiscent of the quasi-perpendicular intervafgldiscussed
above, with an excess of particles flowing antiparallel to the
field, in a generally southward direction, probably in the
dircction in which the field line connected to the Sun.

In Plate 6, the peak phase space density of the shell of
picked-up protons was located well outside both the dashed
and dotted circles at all pitch angles; i.e., the picked-up
protons had higher speeds than expected on the basis of the
locally measured solar wind velocity. At pitch angles near the
expected local pickup angle, the shell radius was ~340 kmys,
compared to an expected radius of 272 km/s. The same
phenomenon can be discerned, to a lesser extent, in Plate 5
for interval j which immediately preceded interval k.

There are three possible explanations for an increase of the
shell radius near the shock: (1) the majority of the protons
may have been picked up farther upstream before mass
loading by water group ions had significantly slowed the
solar wind flow, (2) the picked-up protons may have been
heated by adiabatic compression in the decelerating solar
wind, or (3) Fermi acceleration may have been important in
this region.

The first possibility is probably not the most important.
There are several reasons which argue against the proposition
that most of the picked-up protons observed in intervals jand
k were relics of the region upstream of the foreshock. First,
log f was much higher for intervals j and k than for intervals
g and h, consistent with an abundance of freshly picked-up
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Fig. 3. Top: Solar wind proton density. Bottom:

Cometocentric solar wind speed (solid trace) and pickup
proton speed (open circles). The line at 1922 UT denotes the
outer boundary of the cometary bow shock.

particles. Second, the total density of picked-up protons
increased rapidly through the foreshock region as the
spacecraft approached the bow shock [Neugebauer et al.,
1989]. Third, the velocity at the pickup proton peak for
interval k was greater than for the preceding intervals i and j.

The problem with these arguments, as well as with the
arguments below concerning adiabatic compression, is that it
is not possible to study the temporal variation of a particular
parcel of plasma. The Giotto spacecraft approached the
comet at a phase angle of 107°, cutting across solar wind
streamlines with different velocities, densities, and magnetic
field directions, rather than along a single streamline. The
problem was especially severe because of the solar wind
variability associated with the nearby interplanetary current
sheet [Acuna et al., 1986]. If the spacecraft had approached
the comet along a streamline, one would expect mass loading
to decrease the solar wind speed slowly while the density
increased. Figure 3 shows the variations of the solar wind
density and velocity relative to the comet for the last 20 min
before the spacecraft encountered the bow shock. Rather
than a monotonic decrease in speed and a monotonic increase
in density, the Giotto profiles were quite jagged. In fact, the
speed was lower during interval j (1905 - 1912 UT) than
during interval k (1915 - 1922 UT). The sharp discontinuity
in speed between intervals j and k was accompanied by a
large change in the direction of the interplanetary magnetic
field; intervals j and k are clearly samples of different solar
wind flows. Necubauer et al. | 1988] have presented
additional evidence for features due to solar wind structures
convected into the shock transition region.

The pickup speeds (i.e., the radii of the peaks of the shells
of pickup protons) are indicated by open circles in Figure 3.
The average pickup speed for interval j is indicated by two
connected circles. Interval j shows the commonly observed
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offset of the pickup speed below the solar wind speed in the
comet-centered coordinate system; this offset is probably
caused by the outflow of atomic H from the nucleus at speeds
up to 20 km/s (Neugebauer et al., 1989]. Note that the

dashed circles in Plates 1-6 were calculated on the assumption

of an 11-kmy/s outflow speed. ,

The pickup speeds for each of the seven 64-s intervals
which make up interval k are shown as individual circles,
which are henceforth referred to as points k1 through k7.
Points k1 - k7 were near or above rather than below the
observed cometocentric solar wind speed, consistent with the
peak of the pickup distribution lying outside the dashed circle
in Plate 6. There is no obvious explanation for the jump in
pickup speed relative to the solar wind speed between
intervals j and k1.

The only hint of compression in Figure 3 is the rise in
density from 1919 to 1922 UT. The average solar wind
densities for intervals k5 and k6 were 6.2 and 6.8 cm3,
respectively. If this increase in density were attributed to
adiabatic compression (which is admittedly inconsistent with
the solar wind speed profile during this time), one would
expect the radius of the shell to increase by an amount
(6.8/6.2)1/3 = 1.03 for a specific heat ratio of 5/3. The
pickup speeds for intervals k5 and k6 were 300 and 311
km/s, respectively, which corresponds to a k5-t0-k6 increase
of a factor of 1.04. This is better agreement than can be
justified by the accuracy of the data. We conclude that the
data contain some weak evidence for adiabatic acceleration
just outside the shock, but that the principal increase in shell
radius at approximately 1914 UT was accompanied by a
change in the solar wind and cannot be explained with the
data available from HERS.

Second-order, or stochastic, Fermi acceleration by pickup-
ion-produced turbulence can result in a pickup ion spectrum
whose peak shifts in energy and broadens with time [Ip and
Axford, 1986]. A stochastic process is consistent with the
observation that the level of plasma turbulence was much
greater in the foreshock region than it was farther upstream
[Johnstone et al., 1987). There is also theoretical expectation
[Amata and Formisano, 1985] and some observational
evidence [Ip, 1988] for first-order Fermi acceleration close to
cometary bow shocks. The nature of the HERS data obtained
just upstream of the bow shock makes it difficult, however,
to draw any firm conclusions about Fermi acceleration or
heating. The widths of the pickup peaks in intervals j, k5,
and k6 were all similar, while the peak in interval k1 was
narrower. Quantitative modeling of the Fermi acceleration
processes and comparison to the velocity distributions
observed by the Giotto IMS are beyond the scope of this
paper, and may not be a fruitful exercise in any case.

Summary and Conclusions

The principal conclusions that we have reached from the
data and the analyses presented in the previous section can be
summarized as follows:

First, under all conditions studied, pitch angle scattering
was considerably more rapid than changes in energy, as
expected.

Second, for quasi-parallel conditions: (1) The pitch angle
at which the maximum phase space density of picked-up

protons was observed was close to the pitch angle at which
the protons were picked up. (2) Qutside the foreshock
region, the pitch angle anisotropy was substantial, with more
than an order of magnitude difference between the maximum
and minimum phase space densities. (3) The pitch angle
distribution became more isotropic inside the foreshock and
was nearly isotropic in the region 30,000 km upstream of the
bow shock. (4) The shell of pitch-angle-scattered picked-up
protons was centered between the origin (equal to the solar
wind bulk velocity) and a point on the vy, axis offset from
the origin by an amount equal to the Alfven speed and in the
direction of wave propagation with a sunward component.

Third, for quasi-perpendicular conditions: (1) The pitch
angle scattering was Vvery asymmetric, with protons
preferentially scattered antiparallel to the field. Itis believed
that the spacecraft was in an "away" interplanetary sector at
the time of these observations, so that the direction
antiparallel to the field led back to the Sun while the direction
parallel to the field led downstream. (2) The pitch angle at
which the maximum phase space density of picked-up
protons was observed was close to 180°, independent of
whether the pickup occurred at angles greater than or less
than 90°. (3) The ratio of phase space density at the pickup
pitch angle to the minimum phase space density on the pickup
proton shell was smaller than for quasi-parallel conditions;
i.e., pitch angle scattering was more intense. (4) Waves with
frequency near the proton cyclotron frequency observed for
one of the quasi-perpendicular intervals may have been
caused by the gradient in the pitch angle distribution near the
pickup pitch angle; ie., we suggest that the observed,
asymmetric pitch angle distribution was the cause of rather
than the result of locally generated waves. (5) The
asymmetric pitch angle distributions were probably not
caused by protons reflected from the cometary bow shock,
even though the electron heat flux observations have been
interpreted to infer bow shock connection at the time. (6) We
suggest that the observed pitch angle distributions may have
been caused by the global effect of higher field strength and
greater turbulence between the spacecraft and the comet than
between the spacecraft and the Sun.

Fourth, the radius of the pickup shell is larger than
expected within 70,000 km of the bow shock. There is
inconclusive evidence that adiabatic acceleration may account
for some of this energization of the pickup protons, but there
are other, discontinuous changes in the pickup proton speed
that are associated with changes in the solar wind and that
cannot be explained from the present data set.

The observations thus confirm many of the predictions
from theoretical studies or numerical models and corroborate
some of the phenomena discovered by analysis of data
acquired at comet Giacobini-Zinner. This is particularly true
of the quasi-parallel intervals, where pitch angle scattering by
sunward propagating, field-aligned waves could be
discerned.

The biggest surprise in these observations was the pitch
angle distribution for quasi-perpendicular intervals, which
may require global rather than local theoretical modeling. Our
arguments against reflection of protons from the cometary
bow shock as the cause of the asymmetric distributions for
quasi-perpendicular intervals are based on the conventional
view of a relatively sharp quasi-perpendicular shock
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structure. Our interpretation in terms of global effects is in
many respects consistent with the view of Hizanidis et al.
[1988] that the entire turbulent interaction region serves the
function of a distributed shock. .

We also wish to suggest that the decrease in the net
electron heat flux observed during quasi-perpendicular
intervals [Reme et al., 1987] may be related to the process
responsible for the asymmetric pitch angle distributions and
not necessarily require connection to the bow shock. Fuselier
et al. [1986] have interpreted electron heat flux signatures
observed near comet Giacobini-Zinner as evidence of
backscattering of the solar wind electron heat flux by
turbulence upstream of the comet's bow shock. »

The results presented in this paper clearly call for further
analyses. It will probably be informative, for example, to
compare the picked-up proton velocity distributions presented
here to simultaneous velocity distributions of picked-up
water-group ions measured by the Giotto implanted ion
sensor [Wilken et al., 1987). More detailed comparisons of
proton and electron distribution functions would probably
also prove to be fruitful.
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of Comet Halley

B. E. GOLDSTEIN,! K. ALTWEGG,? H. BALSIGER,? S. A. FuseLiER, W.-H. Ip,¢
A. Miier,? M. NEUGEBAUER,' H. ROSENBAUER.4 AND R. ScuwinNe

Observations in the vicinity of the contact surface (ionopause) of comet Halley obtained by the
Giotto ion mass spectrometer (IMS) are reported. Two specific events in this region were observed on
the inbound pass. Two seconds before the contact surface was encountered. a busst of encrgized jons
(about 20 ¢V, much greater than thermal energies) was detected by the ungle analyzer: the flux of these
ions decreased as the contact surface was approached. The burst of energized ions coincided with a
pulse in magnetic field strength interpreted by Neubauer (1988) as a fast mode shock traveling away
from the contact surface. At the contact surface, a sharp spike in ion densities was observed by the
mass analyzer. This pileup region was at least 0.75 s in duration (about 47 km in width): there may also
have becn a region of less enhanced densitics extending inward inother 47 kmi. The spike in densitics
wis centered approximately at the inner cdge of the magnetically determined contact swface. The
exact magnitude of the density increase is uncertain duc to instrumental limitations, but the increuse
above the ambient external density appears to have been at least a factor of 3.5, and appears to have
been more than an order of magnitude for some species. The sharp spike in ion density is interpreted

r-7

Observations of a Shock and a Recombination Layer at the Contact Surface

as a boundary layer into which the radial ionospheric flow enters. piles up. and in which the density

increase is limited by recombination.

INTRODUCTION

The Giotto ion mass spectrometer (IMS) [Balsiger et al.,
1986] obtained measurements of cometary ions on the in-
bound pass through the coma of comet Halley. Observations
by the magnetometer [Neubauer, 1988] at 0001:54.35 on
March 14, 1986, indicated a very rapid decrease in the
magnetic field strength from 20 nT to undetectable magnetic
field in 0.3 s. Neubauer interpreted this discontinuity as the
contact surface (ionopause) separating the regions where
flow lines originate upstream in the solar wind from the
region where flow lines originate in the cometary iono-
sphere. Approximately 2 s before encountering the contact
surface, an outward propagating fast mode shock was en-
countered [Neubauer, 1988]. The angle analyzers of the high
intensity spectrometer (HIS) of the IMS detected a burst of
suprathermal particles coincident with the shock front; the
origin of these particles is discussed. ‘

There have been some puzzling aspects concerning the
flow pattern within the cometary ionosphere that are related
to the properties of the contact surface. Wallis and Dryer
[1976] and Houpis and Mendis [1980] discuss a mode! of the
comet interaction with the solar wind in which within the
ionosphere the outflowing cometary ions are supersonic and
pass through an inner shock, and then turn and fow tail-
ward. However, at comet Halley no such behavior was
observed. Instead, the cometary outflow was radial with a
velocity of approximately | km/s [Schwenn et al., 1987} all
the way out to the contact surface: there was no decrease in
radial velocity. Furthermore, no inner shock was observed.
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Cravens [1989] and Ip and Axford [1989] have recently
proposed a model in which the ionospheric plasma piles up
against the contact surface. Because the pile-up causes a
plasma density increase, the recombination rate, which is
proportional to the square of the density, can be greatly
enhanced. The plasma is thus lost by recombination (rather
than by flow down the tail). We report here on obscervations
by the mass analyzers of the HIS of the Giotto IMS of a thin,
large amplitude, density spike on the inner edge of the
contact surface which we interpret as the proposed recom-
bination layer. Finally, we note that, at radial distances of
3000-5000 km from the comet, cometward directed fast
heavy ions were detected [Goldstein er al., 1987: Eviatar et
al., 1989] by the high energy range spectrometer (HERS) of
the IMS. These ions were due to ionization of inward
travelling fast neutrals, a different physical phenomenon
than those discussed in this paper. Johnstone et al. [1986]
observed a burst of energetic ions in the energy range up to
400 ¢V (their Figure 4 at 0009:51 UT ground received time).
The duration of the burst appears to be roughly 2 s. This
burst may be related to the events described in our paper;
further information about timing and direction of fluxes
would be required to draw any useful comparisons.

INSTRUMENT OPERATION

The data were obtained by the high intensity spectrometer
(HIS) of the Giotto IMS. This experiment was described by
Balsiger et al., [1987], and the initial encounter results from
this experiment were reported in Balsiger et al. [1986]. The
HIS sensor consisted of an angle analyzer (AA) and a mass
analyzer (MA). The AA had a rotating fan shaped ficld of
view which covered angles from the spin axis to about 22° off
the spin axis. The AA was a quadrispherical analyzer, and
did not provide mass analysis, but did provide five separate
polar angle channels about the spin axis (roughly from 0.7
W0 3.3, 28107.3, 6.8 10 11.3°, {0.8°to 16.6°, and 158" (o
21.8; these channels are referred to as W1, W2, W3, Wy,
and W3, respectively). There were 64 encrgy steps: the
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range of energics corresponded to those of singly ionized
particles motionless in the cometary frame with masses
between 12 and 57 amu. The centers of the channels were
spaced V2 amu apart for steps from 12 amu to 26 amu; above
26 amu the steps in most cases were 1 amu apart. For certain
of the energy steps (chosen to correspond to energies where
abundant species would be observed), these AA channels
were sampled 16 times per spin (16 azimuthal measure-
ments). The azimuthally sampled channels that were useful
for our study were at energies (m,n, 25 eV) corresponding to
motionless ions of mass 17, 18, 19, 32, and 44 amu.

The MA had a field of view that covered from the spin axis
to about 7° off the spin axis; this did not provide any angular
information in the polar direction. The MA consisted of a
quadrispherical analyzer followed by a mass analysis sec-
tion. In the MA, particles were deflected by a magnet and
then focused onto a device with nine detection holes (Cl
through C9). Two different approaches were used for scan-
ning the distribution. In one program, (N program) particles
of specified masses were focussed onto certain holes. In the
other program (H program), each mass was focussed in turn
onto a specific hole (C6), and only the data from holes C3
through C8 were returned. The objective of this mode was to
acquire observations in which different masses could more
readily be intercompared. The measurements obtained for
all the hole/energy combinations that were expected to be of
interest were integrated over a spin. Additionally, to obtain
temporal/angular information, representative hole/energy
combinations were chosen for a number of species, and for
these channels the results were transmitted back 16 times
per spin (4 s/spin); these azimuthal channels typically cov-
ered a fairly small portion of the distribution (10% to 25%),
so that there were problems when the peak of the distribu-
tion moved off the azimuthal channel. 1t is with this 0.25-s
time resolution mass analyzer data thalt a recombination
layer at the contact surface has been detected. The width of
an energy channel is the same as described for the angle
analyzer. :

OBSERVATIONS OF ENERGIZED PARTICLES
AT A SHOCK JusT OUTSIDE
THE CONTACT SURFACE

Giotto magnetometer observations [Neubauer, 1988] of
the magnitude of the magnetic field are shown as the bottom
panel of Figure 1 (partial reproduction of Figure 1 of Neu-
bauer [1988]), along with data obtained from the AA chan-
ncls. The event labeled B has been proposed by Neubaucr as
a quasi-perpendicular shock propagating away from the
contact surface. The W1 detector of the angle analyzer (spin
axis aligned) is not operating properly at this lime, so resuits
from this channel are not shown. The nature of the difficuity
is not well understood, but there should not be any cross talk
or problems with the other channels. Data from the other
four analyzers are shown. Among the energy bands trans-
mitted back with 16 sector azimuthal resolution were those
corresponding to particles of mass 17, {8, 19, 32, and 44
(approximate to =0.5 amu per charge) traveling at 68.4 km/s
(the velocity of the comet in the spacecraft frame). Count
rates for energies corresponding to masses 17, 18, and 19
were summed to obtain a low-energy data set (WnLOW),
and correspondingly for masses 32 and 44 into a high-energy
data set (WnHIGH), where n denotes the angular channel.
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Fig. 1. Data obtained at the contact surface by the angle ana-

lyzer of the IMS and magnetometer. The lowest panel is the
magnitude of the magnetic field in nanoteslas taken from Neubauer
[1988]; panels from the top down show particle fluxes from angle
analyzers W2, W3, W4, and W5. The WnLOW curves are obtained
by summing three energy channels corresponding to particles of
mass 17. 18, and 19 that are stationary in the comectary frame:
WaHIGH curves are the sums of the corresponding channels for
masses 32 and 44. The curves are in units of 10® particles/(cm?® eV
ST s).

Low- and high-cnergy sums lor detectors W2, W3, W4, and
W35 are shown as the remaining panels of Figure 1. The data
are plotted in the center of the angular sector in which they
were observed. The instrument voltage sweep proceeds
from low masses to high masses, and takes Ys s (onc angular
sector). It can be seen that the low-energy fluxes peak for all
angles within the sector in which a local maximum in the
magnetic field occurs. Correspondingly, the higher-energy
channels show a peak one angular sector (0.25 s) carlier.
However, because of the timing of the energy sweep, one
cannot deduce that the high-cnergy ions were actually
present before the low-energy ions. The dominant contribu-
tion to the high-energy duta set was from ions of roughly
mass 32, which were actually observed 0.015 s after the
center of the angular sector in which they are plotted. The
low-energy ions are actually observed 0.06 s before the
center of the angular sector. Either set of ions could have
been present up to 0.25 s before they were actually ob-
served. It can be deducced that the low-energy ions were not
present more than 0.105 5 (0.25 + Iy, — fiu) before the
high-cnergy ions and were present no later than 0.395 s
(fow = Twgn — 0.25) alter the high-energy ions.

The temperature of ions in the cometosheath just outside
the contact surface is roughly around SO0™-2000"K [Sch-
wenn ef al., 1987; Lanumerzahl et al., 1987]. For a particle of
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mass 19 amu, the thermal speed (2k7/m;)}'"? is about 1.2
km/s. For a spacecraft velocity of 68.4 km/s, this corre-
sponds to an average deviation from the ram direction of
1.0°. Thus particles observed simultaneously over a wide
range of angles in detectors W2 through W5 (2.8° through
21.8°) must be suprathermal. To show this in more detail, a
“‘pseudotemperature’’ for the suprathermal tail is estimated.
It is assumed that the velocity is zero in the cometary frame,
and that the plasma has a Maxwell-Boltzmann distribution;
thermal speeds are estimated based on the decrease in the
distribution function with increase in angle. The drop be-
tween W2 and W3 would require a pseudotemperature of § x
10* °K, the drop between W3 and W4 would require a
pseudotemperature of 8 x 103 °K, and the drop between W4
and W5 would require a pseudotemperature of 3 x 10° °K. If
a pseudotemperature, T, in the vicinity of 5 x 10* °K is used
as an example, the corresponding thermal speed, v = (2k7/
m;)" s 6.6 km/s. The actual fluxes observed at the peak of
the burst in the W2 analyzer at the water group correspond
to a flux of particles of 2 x 10® particles/(cm? streV s), or a
local phase space density of 8.3 x 10~ 2/cm>km/s)? for that
portion of phase space if the instrument window were
uniformly filled. If it is assumed that the accelerated ions
form a sphere in phase space of radius 3 km/s centered at the
bulk speed of the plasma, the corresponding energetic par-
ticle density is 9.4 cm ~>. At present, no measurements of the
ion density just outside the bow shock have been published:
however, theoretical estimates [Ip et al., 1987] suggest
values of 1000-2000 cm ™. These various considerations
demonstrate that the particles observed are suprathermal in
a cometary ionosphere context. No corresponding dramatic
changes in counting rates were observed in the mass ana-
lyzer channels (which detect the thermal population in the
ram direction). The mass analyzer channels are dominated
by counts due to the bulk population, and the suprathermal
particles would have a negligible impact on the total count
rate in these channels. .

The fluxes of suprathermal particles decrease with time
following the passage of the proposed shock. Assuming a
shock velocity of 5 km/s, and assuming that the shock
originated at the contact surface, the time for decay of the
particle population is considerably less than 30 s. The
decrease behind the shock might be due cither to conven-
tional plasma processes, or mechanisms involving neutrals
such as recombination or collisions. The dissociative recom-
bination rate coefficient, a, is 7 x 10" N,(300/T,)%* [Mendis
et al., 1985], so for an ion number density, N;, of 1000 cm ~*
and an electron temperature, T,, of 1000°K the loss rate
would be 3.8 x 1074, i.e., too slow. Another energy loss
mechanism is collisions with neutrals. Mendis et al. [1985]
calculate an ion-neutral momentum exchange rate of 2.6 x
10N, (ag/ie4), where N, is the neutral density, ay is the
neutral polarization in units of 10 c¢m ™3, and g, is the
reduced mass in amu. Using a neutral density of 10% cm 3,
“a = 9.5, and ay = 4, the collision rate is 1.1 x 10~%s, and
the loss time is 910 s (Cravens and Kérdsmezey [1986] obtain
the same loss time). As the observed loss is much faster than
the rates for neutral interactions, the decrease with distance
behind the shock can not be attributed to interactions with
neutrals.

The suprathermal particles, because of their low density,
provide insufficient energy density to drive a moderate
amplitude (8 increased by 20%) shock. Additionally, be-
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cause Lthe ions are observed closcly confined to the vicinity
of the shock, they must be accelerated locally rather than
having been transported into the region of the shock. What
mechanism has heated the ions? For a 6.6-km/s mass 19 ion
in a 27-nT field, the ion gyroradius is 48 km; the spacecraft
traverses a distance of 48 km/s in 0.71 s. Keeping in mind the
0.25-s time for the instrument voltage sweep, the more
energelic ions precede the shock by at most 0.5 s, whercas
the lower-energy ions preccde the shock by at most 0.3 s.
Thus the ions are not accelerated upstream of the shock;
instead, they are apparently accelerated by the transverse
electric ficld in the foot of the shock. The burst of energetic
ions is seen in angular sectors 9 and 10 of the HIS AA
detector. For the W2 analyzer, this corresponds roughly to
particles coming with normalized velocity components in the
solar ecliptic x-z plane of roughly (—0.98, 0.20); for the W3
the components were (—0.88, (1.46), and for both W4 and WS
detectors the components were (—0.82, 0.57). The convec-
tion electric field calculated using the direction of the mag-
netic field has components of (0.77, —0.63); thus the direc-
tion from which the ions are seen is approximately
perpendicular to the direction in which ions will be acceler-
ated by the induced electric field. It is possible that if the
instrument had been pointed along the induced electric field
that even greater fluxes would have been observed; the
particles being detected must presumably have been de-
flected in some fashion by partial gyrations in the magnetic
field gradient.

Are the particle energies observed consistent with direct
(nonresonant) acceleration of the particles by the clectric
ticld? The Allven speed, V. is 5.0 km/s. Using this speed,
and a magnetic increase, AB, of 5 nT (from 25 nT to 30 nT),
the induced electric field, E, as the shock front swept by was
V4 AB = 2.5 x 107° V/m. The maximum velocity an initially
motionless particle can gain in constant electric and mag-
netic fields is determined by the sum of convection plus
gyration velocities: v = 2E/B. Thus the maximum velocity to
which a particle is directly accelerated is v = 2V, AB/B = 2
km/s. The fluxes of particles obscrved in the W3, W4, und
W5 detectors cannot be explained in this fashion. Resonant
acceleration of trapped particles at a quasi-perpendicular
shock front (also known as shock drift acceleration [Arm-
strong et al., 1985; Ohsawa and Sakai, 1988]) is an altractive
explanation. Particles can be trapped between the normal
electric field associated with the shock front and the increase
in magnetic field strength at the shock. The particles are then
accelerated by drifting along the shock front parallel to the
transverse electric field. The maximum velocity a particle
can obtain through this resonant acceleration mechanism is
limited by the escape of the particle from the trap when it
becomes too energetic. Ohsawa and Sakai [1988) show that
particles can be accelerated to a maximum velocity of

v= V,,(irr,/rrl,.)‘)‘S(M - l)""

where M is the Mach number and m; and m,. are the ion and
clectron masses. From the increase in magnetic licld
strength at the shock, we estimate a Mach number of about
1.25. Using ions of mass 19 amu, the maximum energization
velocity is about 120 km/s. This mechanism is thus more
than suilicient to explain the presence of high-encrpy parti-
¢les. Furthermore, one would expect to find greatly en-
hanced fluxes of energized particles trupped at the shock
front, with much lower fluxes at locations more than an ion
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gyroradius behind the (ront. This is what is indicated by the
observations. Other models for acceleration of particles at
quasi-perpendicular shocks have also been proposed [Chi-
ueh, 1988]. The Chiueh model does not trap resonant parti-
cles in the shock, but rather scatters particles along and
across field lines in the downstream region, and thus recy-
cles a portion of the particles back into the shock for further
acceleration. This model would require energized particles
in the downstream region; such particles are not observed.

The cause of the shock is unknown. Neubauer [1988] has
speculated that a reconnection or heating event in the tail of
the comet might result in a pressure pulse traveling towards
the front of the coma, which would then launch a shock into
the cometosheath region. If the occurrence of the shock so
close to the contact surface is not just an accident, there
might be some cause related to the contact surface. Ip and
Axford [1989] conclude that the magnetic cavity boundary
should be stable. However, as will be scen in the next
section, the structure of the boundary is quite different than
was analyzed theoretically. There is an outward flow into the
boundary from the ionospheric side; the sink for this flow is
recombination. Additionally, there are sharp gradients in the
magnetic field and the plasma distribution functions at the
boundary. For these reasons, further investigation of possi-
bilities for instabilities and surface waves at the boundary
might be justified.

OBSERVATIONS OF A RECOMBINATION LAYER
AT THE CONTACT SURFACE

A pileup layer was discovered at the contact surfuce using
data from the mass analyzer channels that were transmitted
back azimuth by azimuth. Our goal is to find believable limits
as to the variations of the particle density during the spin in
which the contact surface was encountered. Strictly speak-
ing, we cannot prove such limits, because the corrections for
the azimuthal channels depend strongly upon the velocity
and temperature of the plasma. these parameters are esti-
mated only once per spin, and inside the pileup region these
parameters were not the same as those on either side of this

" region. A number of important instrumental effects must be

taken into account that cause uncertainty in the interpreta-
tion of the data. These include observationally determined
corrections required to account for the differences between
H and N programs (HN correction), for the efficiency of the
integral channels relative to the azimuthal channel (IA
correction), and for the spin modulation (SP correction).
Using these corrections, we then estimate the width of the
contact surface, and the density profile encountered passing
through the contact surface. These corrections are impor-
tant, and are subject to rather large uncertainties because the
azimuthally transmitted channels are detecting only a mod-
erate fraction (10% to 25% based on the more detailed
spectra transmitted back once per spin) of the total distribu-
tion for a given species. Since the correction factors are
empirically determined from the data, using different sets of
spins for their determination will result in different correc-
tion factor estimates. Therefore to obtain some idea as to the
uncertainty of our procedure, we used several sets of spins
for this purpose. The spin covering the time period 114,13 to
118.11 s UT (spin number 17,131) was the spin during which
the contact surface was encountered. Corrections were
computed from spins 17,100 to 17,129 (correction factors A),

from spins 17,122 to 17,129 (correction factors B), from spins
17.133 to 17.136 (correction factors C), and from spins from
17.133 to 17,144 (correction factors D). The first set was to
obtain better statistics on the period before the contact
surface, the second setl was to obtain plasma characteristics
before the contact surface possibly more similar to those
occurring in spin 17,131, and the third and fourth sets were
for comparable reasons alter the contact surface. The cor-
rection factors based on spins after the ionopause were
farger because the plasma distribution was colder and the
channels transmitted back were located in the wings (rather
than the center) of the distribution function. As a further
check we have tried a different method to estimate the
density increase relative to background. The heavy group
peak (a channel in the vicinity of mass 44) occurred in
angular sector | of spin 17,131; the water group peak was in
angular sector 2. The data during spin 17,131 were acquired
in the N program; the prior spin in the N program was
17.129. By taking ratios of counts in the comparable angular
bins of spin 17,131 to those of spin 17,129, further alternative
estimates (correction factors E) of the relative density in-
creasc at the contact surface were obtained. The values of
the adjusted count rates calculated using correction factors
obtained inside the ionosphere are all higher than those
obtained using corrections from the outside. This is because
the distribution is colder within the ionosphere and the
instrument is seeing the wing of the distribution; the correc-
tion factor is correspondingly larger. We consider the esti-
mates we obtain in this fashion to provide a range of
plausible values rather than strict upper and lower limits,
Although the estimates cannot be used quantitatively to
prove or disprove a theory, the results obtained are highly
suggestive.

Figure 2 shows the data with HN, TA, and SP corrections
for water group and heavy group (a channel in the vicinity of
44 amu) for the time period beginning 109 s UT after the start
of day 73. The data are plotted in the center of the angular
sector in which they were observed. The instrument voltage
sweep procecds from low masses to high masses, ind takes
va s (one angular sector). The heavy group data are actually
observed 0.07 s after the center of the angular sector. The
waler group ions are observed (.06 s before the center of the
angular sector. There is a short dropout in the plasma data
beginning at 118.11 s UT. The data prior to spin 17,131 have
been plotted using the correction factors B (from spins
17,122 to 17,129). The data from spin 17,131 have been
plotted using both correction factors B and C (from spins
17.133 to 17,136). For this reason, there are two curves
plotted during spin 17,131 (from 114.13 to 118.11 s UT). The
water group peak falls either at 114.45, or from 114.20 1o
114.45, depending on which of the curves one believes. The
heavy group peak falls at 114.33 s UT. Neubauer [1988]
found the contact surface, as indicated by a rapid drop in
magnetic field strength to zero, to be from 114.1 to 11445
UT. There appears to be a slight increase in ion count rates
just outside where Neubauer observed the beginning of the
sharp decrease in magnetic field. The locations of the max-
imum fluxes occur somewhere between 114.2to 114,55 UT:
this is the region in which the steepest magnetic field
gradient occurs, and in which the magnetic ficld then be-
comes zero. The plasma flux boundary then extends further
inward at least another 17 km. As the boundary layer is
crossed, the plasma temperature is presumably rapidly de-
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Fig. 2. Data obtained at the contact surface by the mass ana-
lyzer of the IMS and magnetometer. The middle panel is the
azimuthal mass channel for water group ions. The two curves
between 114 and 118 s UT result from two alternate choices for
correcting this data. Data are plotted in arbitrary units. The upper
panel is the comparable data for heavy group ions (a channel in the
vicinity of mass 44). There is a short dropout in the IMS data after
118 s UT. The lower panel is the magnitude of the magnetic field in
nanoteslas from Neubauer [1988]. '

creasing to the low temperatures typical of the ionospheric
interior. This means that the detection efficiencies of the
azimuthal channels were decreasing because the channels
detected the wings of the distribution functions. Conse-
quently, the drop-off on the inner edge of the density spike
may be less steep than suggested by the plotted curves. It is
likely that the lower curve is a good approximation for the
beginning of the spin, that the upper curve is a good
approximation for the latter part of the spin, but nothing can
really be said about how the transition occurs. One can as a
rough upper limit take the time at which the maximum curve
returns to low values typical of the cometopause or sheath as
an estimate of the width of the pileup layer. Using this
criterion, we estimate that the water group flux returns to
ambient values at about 115.45to 115.95 s UT, and the heavy
group at about 115.57. Taking exit from the pileup layer to
occur between 115.5 and 116., we estimate the total width of
the transition layer as 1.5 to 2.0 s, or 95 to 136 km. In
summary, there appears to be a sharp peak of approximately
0.75 s duration (47 km width), followed by a somewhat more
gradual decline to ambient values inside the ionosphere
lasting for an additional 0.75 to 1.25 s.

It is also possible to estimate the magnitude by which the
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TABLE 1. Ratios of Maximum lon Fluxes at the Recombination
Layer to Ambient lon Fluxes

Water

Group Heavy Group
From correction factors A 6.3 15.0
From correction factors B 4.0 12.7
From correction factors C 10.0 30.7
From correction factors D 15.9 29.6
From correction factors E 3.5 18.0

densities have increased at the pileup region. To establish a
baseline for comparison to the density maximum, we use
sums of the count rates over the spin (17,130) preceding the
contact surface encounter. The corrected values (estimates
using instrument correction factors A, B, C, and D, obtained
for four different time periods, are shown) for the densitics in
the pileup region relative to the ambient (cometosheath)
values are then as shown in Table 1. Also shown in Table 1
is an estimate (correction factor E) based on taking as a
baseline the comparable angular sector measurements in the
prior spin (17,129) that, like spin 17,131, was in the N
program. .

It should be noted that the estimates of density increase in
Table ! depend on untangling spin modulation effects. The
spin modulation in the data is fairly large, roughly a factor of
3. Prior to reaching the contact surface, the raw data show
maximum count rates during the middle of a spin, and
minimum count rates just about the beginning of the spin.
The contact surface observations occur at the beginning of
the spin, so that if a plasma velocity change at the contact
surface led to a more favorable geometry for detection, the
increases at the contact surface might be overestimated by
using correction factors A, B, and E. Also, if the tempera-
ture within the recombination layer is less than that prior to
the contact surface, using correction factors A, B, and E
would result in an underestimate the density increase.

DiscussiON OF THE CONTACT SURFACE OBSERVATIONS

The results obtained here are obviously subject to consid-
erable uncertainty; nonetheless, they furnish some useful
information about physical and chemical processes within
the contact surface pileup layer. The only useful data con-
cerning the contact surface are from the MA (Figure 2); the
AA data (Figure 1) give only a very minor signature in the
W2 low-energy channel of a contact surface pileup layer.
The AA W] angular channel, which was looking along the
direction to the comet, was not operating properly. The
other angular channels were looking at offset angles to the
cometary direction, and would only have seen increased
fluxes if there were a hot tail on the distribution function, as
occurred at the shock. As no such increased fluxes were
seen in the AA data, we conclude that no suprathermal
heating mechanisms are acting at the contact surface.

The density maximum for the heavy group is considerably
larger than for the water group. The peak density estimated
for the heavy group was between 12.7 to 30.7 times the
ambient external value, whereas the increase for the water
group was considerably lower, a factor of 3.5 to 15.9. (Note:
at present we cannot quote absolute densities; with further
data analysis this should be possible). Thus within the pileup
region the ratio of heavy group density to water group



17,256 GOLDSTEIN ET AL.: BRIEF REPORT

density was enhanced by a factor of from 2 to 3; such an
increase might readily be expected due to differing recombi-
nation rates of the various species. )

The water group accounts for the major portion of the
mass, so the water group density increase may be compared
to the MHD calculations [Cravens, 1989] of the properties of
the inner transition layer. In Craven's model, outflowing
ionospheric ions approaching the contact surface are re-
flccted by the external magnetic field. A pilcup of ions in a
relatively thin layer located at and just inside the magneti-
cally defined contact surface results, and enhanced recom-
bination is the primary loss mechanisms for ions trapped
within this layer. Cravens considers several cases; of these,
his case 4, which has a neutral velocity (or, equivalently,
ionospheric outflow velocity) of 0.9 km/s, seem most rele-
vant to the Giotto observations. Case 4 uses a calculated
clectron temperature profile that is about 220°K at the
location (3000 km) where his calculation places the contact
surface, and the ion temperature inside the contact surface is
estimated from an energy conservation equation as 400°K.
The corresponding peak density enhancement over the back-
ground value is a factor of 2.4, with a width of 60 km. We
have used standard gas dynamic shock theory {Landau and
Lifshitz, 1959] to predict the density increase within the
pileup region, and find that density increases by a factor of
1.5 behind the shock. This shock-based density increase
estimate is lower than both our observations and Cravens’
numerical model. The shock-based model fails because it
does not account for the further decrease of velocity to zero
as the contact surface is approached. A better approximate
approach therefore is to assume flow into a layer in which
the flow stagnates and is recombined. Cravens, using this
technique as an alternative to his numerical calculation, and
assuming the temperature in the stagnation region, predicts a
density increase of 2.4. Without making any temperature
assumption, the density increase may be calculated by using
conservation of energy flux, by requiring that the energy flux
into the stagnation rate is balanced by the recombinative loss
of energy; we find that the resulting density increase is
similar, a factor of 2.7. Could a further increase in pressure
and density within the transition layer beyond that due to
pressure balance occur due to ion-neutral drag? Because the
pileup boundary is thin, our estimates indicate that the
integrated force provided by collisions with neutrals over
this region is not especially large; density increases of at
most 20% to the analytical estimates mentioned above would
be expected. In summary, fluid theory predicts density
increases of about 2.4 to 2.7 and can perhaps be stretched a
little further, but not to the apparently observed increases of
3.5 or more. In view of the uncertainties of the observations,
this should not be considered a problem for the fluid models.

However, it is important to note that the observed length
scales are of the same size as the ion mean free path. The
mean free path for ion-ion collisions at 300°K is I8 km
{Cravens, 1989]. As the Coulomb cross section varies in-
versely with the cube of particle velocity, and as the tem-
perature outside the contact surface is at least 1500°K
[Schwenn et al., 1987; Lammerzahl et al., 1987], the mean
free path of the higher energy particles will be about 165 km.
Comparable typical gyroradii for 3J00°K and 1500°K popula-
tions in a 20-nT field are 5.0 and 11.1 km, respectively. The
more energetic particles will extend further into both the
upstream region that is free of magnetic field, and the

downstream region of incrcusing magnetic ficld. The pres-
sure spike may, from the observations, have a full width at
half maximum of perhaps 35-50 km, considerably smaller
than the mean free path expected for collisionally heated
particles in the recombination layer. Particle kinetic elfects
are therefore determining the structure around the peak;
fluid models are not applicable to determining the structure
of the layer. The particle distribution will have substantial
deviations from a Maxwecll-Boltzmann distribution. In par-
ticular, ions entering the region of magnetic field increase
experience a V x B force that turns the ions around and
reflects them back into the upstream direction. During this
reflection, the ions will have a substantial velocity compo-
nent parallel to the boundary in the direction of the current
that causes the increase in B. Particles moving paraliel to the
boundary do not contribute to the pressure balance across
the boundary: this might result in densitics higher than
predicted by fluid models without altering the pressure
balance normal to the boundary that is required. Further
progress in understanding the structure of the pileup region
requires investigation of particle kinetic effects.
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ABSTRACT. Using the combined data sets from the angle analyzer (AA) ard the mass analyzer (MA) of the
Giotto IMS-HIS experiment, we have derived the three-dimensional flasma flow properties of cometary ions for
masses = 12 AMU. At cometocentric distances larger than 1.3 x 10° km, the cometary ion temperature is very
high (kT = 100 eV'), and derivations of the flow parameters are uncertain. After crossing the magnetic pile-up
boundary (MPB) at 23: 30 SCET (Spacecraft Event Time), the ion temperature becomes lower (kT =350eV),
and the flow speed can be evaluated .to decrease gradually from ~20-25kms™! to ~17kms™' until
23:41 SCET (9 x 10*km) at which point an abrupt drop to a value of ~ 13 kms~' occurs. This velocity
discontinuity coincides with the appearance of a cold ion population (k7 = |0 eV ) mostly in the ram direction of
the spacecraft. Around 23:49 SCET (5.5 x 10* km), another velocity decrease occurs simultaneousty with the
disappearance of the hot ion component and an intensification of the colder one. These features are in agreement
with the theoretical model of charge exchange loss of the hot cometary ions.

Annales Geophysicae, 1990, 8, (3), 229-238.

I. INTRODUCTION of plasma instabilitics could be significant in assimilat-
ing the new ions into the ambient plasma flow.
Finally, the E x B drift effect would allow the comet-
ary ions to move with an initial speed of v; = vy sin @
in the direction perpendicular to the background
magnetic field. In the special case when the angl_c
between the plasma flow vector and the local magnetic
field orientation is very small, the initial drift velocity-

will be small as well (i.e., v, <€ vg).

The process of solar wind-comet interaction represents
a class of plasma effects in which the ionization and
pickup of new ions play a dominant role. One unique
feature is that, with the free energy available from the
peculiar velocity distributions of the newly implanted
ions, plasma instabilities could take place leading to
various kinds of particle-wave interactions (Wu and ]
Davidson, 1972). Besides the generation of very high Since the cometary coma environment varies from a
level of plasma wave activity and turbulence in the situation where the plasma flow is dominated by the
vicinity of a cometary coma — as demonstrated by solar wind at large cometocentric distances
in sitt measurements at comet Giacobini-Zinner and (r = 10°km) to the situation where the ion compo-
comet Halley (Scarf eral., 1986 ; Smith et al., 1936 ; sition is mostly cometary at r = 10° km, the three
Mogilevsky ef al., 1987 ; Klimov et al., 1986 ; Riedler mechanisms identified above might contribute at
etal., 1986 ; Neubauer eral., 1986) — the determi- different levels at different distances. Indeed, the
nation of the plasma flow properties also can shed momentum-coupling between the solar wind and the

light on the issue of momentum coupling between the

solar wind plasma and the new cometary ions. The |
acceleration of the heavy ions (i.e.. 07, H,O" . ete) .

of cometary origin could be facilitated in several ways.
First. collisional Coulomb interaction could be ot
interest. Second. wave-particle interaction as a result

(*) Now at: Los Alumos Natonal Laboratory, University of

Calilornian. Los ALumnos, New Mexico, USAL

cometary ions might become so incfficient at a certain
point that there could be a relative drift between these
wo components. The cometary ion component could
have a non-Maxwellian velocity distribution since it is
basically a mixture of new ions accreted at different
positions along the plasma flow tubes. There could be
even relative drifts among the cometary ons. Further-
more. as the cometary plasma flow enters the dense
atmosphere ol the comet. charge exchange recombi-
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nation via collisional interaction with cometary neu-
trals would deplete energetic ions picked up at larger
distances. In place of the hot ions, there would be the
build-up of cold cometary ion populations created in
the inner coma. Such a scenario of charge exchange
cooling was first suggested by Wallis and Ong (1975).
After the spacecraft observations at comet Halley,
Gombosi (1987) and Ip (1989) have examined similar
effects on the formation of the so-called cometopause
at 7~ 10° km (Gringauz et al., 1986 ; d’Uston eral..
1987) separating the fast solar wind dominated plasma
on one side from the plasma controlled by the slow,
cold heavy ions of cometary origin. The work by Ip,
for example, showed that the charge exchange loss of
hot cometary ions and the solar wind protons could be
used to explain the number density profiles observed
by the lon Mass Spectrometer (IMS) experiment on
the Giotto spacecraft. An exponential depletion of
the hot ion populations with a scale length of about
10* km occurring near 6-8 x 10* km was indicated by
both 2-dimensional theoretical computations and the
IMS measurements. The formation of the com-
etopause located at about 1.4 x 10° km, however,
cannot be directly related to the charge exchange loss
process.

Theoretical modellings of these rather complicated
processes, so far, have been limited to simple 1-D
analytical flow models, or flow field profiles from 2-D
MHD simulations assuming complete assimilation of
the cometary ions into the solar wind flow. To further
our understanding of the actual effects, it would be
advantageous to examine the in situ measurements of
plasma flow parameters at comet Halley. In the
present work, we focus our attention on the obser-
vations by the High Intensity Spectrometer (HIS) of
the IMS experiment. A scheme combining data from
different sensors is invoked to compute the three-
dimensional velocity distribution of the water group
ions. While Formisano efal. (1988) have reported
study of the flow parameters between the bow shock
and the outer coma (r = 1.16 x 10%4 x 10* km) using
the Implanted Ion Sensor (IIS) observations, our
results provide a comprehensive picture of the plasma
flow through the whole coma until a distance
(r = 10* km) just before the ionospheric contact dis-
continuity.

The plan of our paper is as follows. A brief instrumen-
tal description will be given in Section 2. The method
of data analysis is outlined in Section 3. Since there is
still work being done on the calibration of the HIS, we
will address only ion flow vectors and temperatures
but not densities which will be subject of a future
paper. The results of the water group ion flow profile
will be given in Section 4. which is followed by a
summary of the main points. Before proceeding,.
however. a clarification appears to be necessary. A
cometopause boundary as identified in the Vega 1 and
2 observations is not that clear in all the available
Giotto data. Although a sharp drop of the proton
density is obvious in the data from the Vega as well as
from the Giotto spacecraft (Gringauz eral., 1986 :
Goldstein er al., 1987). the Vega data show a sharp
increase of the water group ion density in the ram
direction that is not apparent in the Giotto data

(Reme eral., 1987). Further. the magnetic field
changed smoothly across the Vega cometopause while
the Giotto magnetometer measured a sharp increase
of the field strength at the time of the proton density
decrease (Neubauer, 1987). Because it is still unclear
whether the Giotto and Vega spacecraft observed the
same kind of boundary, we will avoid the term
cometopause and refer to the « Magnetic Pile-up
Boundary » (MPB) instead which is clearly identified
in the Giotto data at 23:30SCET (r=1.38 x
10° km) or the cometopause region if a broader region
around this distance is implied.

2. DESCRIPTION OF THE EXPERIMENT

The High Intensity Spectrometer (HIS) of the Ion
Mass Spectrometer (IMS) on board the Giotto space-
craft has specifically been designed with regard to the
expected ion properties in the inner coma, i.e., high
densities ard low temperatures and bulk speeds in the
comet frame of reference. For a full description of the
IMS, the reader is referred to the work of Balsiger
eral. (1987) and the thesis of Meier (1988). Briefly,
the HIS consists of two separate sections, the mass
analyzer (MA) and the angle analyzer (AA). Both
sensors are mounted in such a way that their fields of
view include the ram direction. Due to the spin of the
spacecraft, the MA covers a cone of ~ 12° half width
about the ram direction while the AA field of view is
extended to 22° in elevation. As the AA includes only
an electrostatic quadrispherical analyzer, mass separ-
ation is not possible. On the other hand, in the case of
the MA the addition of a sector magnet after the
electrostatic analyzer permits the measurement of the
temperature distributions of selected ion channels.

2.1. The angle analyzer

2.1.1. General description

The AA measurements are subdivided into 64 E /Q
(energy per charge) bins. Because the ions are pre-
dominantly singly charged, a particular E/Q channel
corresponds to a particular ion mass, given a constant
jon velocity. For the same reason, total energy is
equivalent to energy per charge. Introducing the term
« nominal » as referring to the relative speed between
Giotto and Halley of 68.4 km s~ !, the nominal energy
is given by the relation E [eV] =245 x M [AMU .
M being the nominal ion mass. The full energy range
which is scanned 16 times per spin period (4 seconds)
covers the nominal energy of mass 12 up to that of
mass 57 (300 eV/e — 1400 eV/e). Because of the
above relation between ion mass and energy. 2
particular E/Q bin which corresponds to nominal
mass M is mostly referred to as mass channel
M. For example. water ions being at rest in the comet
frame of reference are measured in E/Q step 4
which thus is referred to as mass channel 18. Ne\c_’r-
theless. there are contributions from other ion spevies
to this mass channel as well.

For five energy steps (corresponding to approximately
the nominal energy of masses 17. 18. 19. 28, and
44 AMU). individual flux distributions are avaitable
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Figure 1
Sector organization of the angle analyzer. The arrow indicates the

spin direction ; the comet is behind the paper.

in 16 azimuthal sectors (facilitated by the spin of the
spacecraft) and 5 contiguous elevation sectors. The
sector organization is shown in Figure 1. Elevation
angle runs from + 1° to — 22°. Note that the angular
width of the two outermost sectors (i.e., W4 and W5)
is about 50 % larger. Spin accumulated fluxes are
provided for each energy step for the innermost
elevation bin (W1, including the ram direction) and
the remaining four bins (W2-WS5) summed all together
(W).

2.1.2. Calculation of the flow direction

The calculation of the portion of the ion distribution
seen by a particular bin is a non-trivial task. Figure 2a
shows the IMS angular coverage and field of view,
Figure 2b sketches the position of the HIS on the
instrument platform which is perpendicular to the spin
axis. The comet is behind the paper. Let a be the
angle in the narrow-angle and ¢ in the wide-angle
direction of the HIS, i.e., a is the angle in the plane
perpendicular to the spacecraft skin including the spin
axis (positive outward), and ¢ is in the plane parallel
to the spacecraft skin (positive in the direction of the
rotation). The direction & = 0, £ = 0 coincides with
the direction of the spin axis (cf. Balsiger er al., 1987 ;
Meier, 1988).

The calibration of the HIS has been performed using
these angles. Let us now introduce a spherical space-
craft frame of reference with 0 and ¢ being the polar

and azimuthal angle (see Fig. 2¢). The analysis of the.
AA measurements is complicated by the fact that the
point @ n,, of the maximum sensitivity (being used for

the calculation of the ion fluxes below) deviates
considerably from the a =0 direction and depends
further on the ion mass. & mg ¢an be expressed as
(Meier. 1988) :

19.75

i, dee] ()

= ay +

a max

where a, is between 2.3 (W4) and 3.8° (W3). and
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MSP

Angle Analyzer

® L ®

Figure 2

(a) Angular coverage of the IMS-HIS sensor. The — z direction
corresponds to the (Gioto spin axis and points toward the comet.
(Afier Balsiger etal., 1987).

(b) Definition of the S/C coordinate system and position of the
IMS-HIS with respect to the spacecraft skin at the time of the Sun
Reference Pulse (SRP). Azimuthal sector | starts at the Mode Sync
Pulse (MSP), i.e., half a spin period afier the SRP.

(c) Definition of angles used for the calibration and the calculation
of the look direction by means of the spherical triangle ABC from

(a).

M, is the pominal mass of the measured ions. The
total « range covered by the AA IS @y 5.5
Referring to the spherical triangle shown in Figure 2c,
the transformation from a and ¢ to the azimuthal
angle ¢ and the polar angle 6 is:

cos® = —COSacCosE 2
tane¢ = _tanz 3)
sin €

Now inserting the results of the HIS calibration into
the above equation one finds that, for example, the
azimuthal angle of simultaneously measured water
jons comprises a ¢ range of about 55°. Therefore. let
us refer to @ =0 in order to determine the azimuth
o, of the HIS look direction (being the + ¢ direction)
for a given azimuthal sector i. Let @ now be measured
with respect to the projection of the sun direction.
Since sector | starts at the Mode Synch Pulse (MSP).
the HIS is located at an angle of 11" from the
Xy¢ axis at that time, ie.at ¢ = 161°. and the look
direction is ¢ = 71°. Thus (note that the spacecraft is
spinning in the clockwise direction)

¢,=7l’—(i—l)-32.5°. (4

As shown in Figure 1. the instrument is looking
toward the sun in sector 12,

PRECEDING PAGE BLANK NOT FILMED
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2.2. The mass analyzer

During the encounter, the MA was operated in two
modes with different ways of data accumulation. In
the N program used for this study, for each mass
between 12 and 45 AMU, the thermal velocity spread
is measured in up to 11 steps. The energy per charge
range covered by these steps varies with mass. The
highest resolution is achieved for the water group
ions, e.g., for mass 18 the nominal energy (439 eV/e,
corresponding to the Giotto/Halley relative speed of
68.4 kms~!) = 15 % are included. From the spectra,
we can get estimates of the relative abundances of
these ions and, in the inner coma, of the temperature
and the ion flow speed in the ram direction as well
(see below).

3. DATA ANALYSIS

In an earlier study, Schwenn ez al. (1987) estimated
the ion temperature and the component of the bulk
speed in the ram direction of the spacecraft directly
from the MA data for the last 10 min before closest
approach. However, their method applying Maxwell-
ian fits to the MA data would be problematic if the
peak of the ion distribution falls outside the MA
energy range (in case of higher bulk speed) or if the
thermal velocity distribution is too broad (compared
with the MA energy band). In principle, this problem
can be resolved by including the AA data such that a
sufficiently large energy range would be covered. We
therefore combine the AA data (which are a compo-
site of all masses) with the MA data to infer the
plasma bulk speed and the temperature. Our present
approach is to take the MA data as a measure of the
relative abundances of the cometary ions and then to
find the best approximation of the AA spectra by a
three-dimensional Maxwellian ion distribution. The
fully resolved directional distributions are needed to
obtain the direction of the flow vector.

The basic assumption is that all cometary ion species,
being isotropic in their rest frame of reference, share
the same temperature and bulk speed, and can be
adequately described by a simple Maxwellian distri-
bution. Now let the index i denote the ion species, and
take a particular W/W1 elevation bin. As a first order
approximation, the count rate C ¥ measured in energy
channel k can be written as the sum over the fluxes
Jix (dimension : (cm?s ster eV/e)™!) of all masses at
energy E,, multiplied with the geometric factor
Gy (cmlstereV/e) taken at a reference energy
E, and the corresponding width of the energy
passband being proportional to the energy E; in the
case of an electrostatic analyzer: '

E. 3 . .
C,ﬁ":Gw-E_;-‘;"l],k. (5)
If the ions follow a Maxwellian distribution with bulk
speed v, relative to the spacecraft, then the ion flux
ju in a particular azimuthal and polar bin may be
written as (e.g.. Roelof eral., 1976)

m, i Uilk
m;

T (2?:kr
m; 2
<o (- g7 = vF) ©

N, is the number density, T the temperature. and
m; the ion mass. v represents the velocity of the
measured particles, and v = |vit|. To fit the W/W1
spectra to a Maxwellian distribution we need to know
the relative abundances of the ions. More precisely,
we need a quantity being proportional to the pre-
exponential factor of the above equation. Such a
quantity can be derived from the highest MA count
rate C ¥ of species i at energy step j (providing the best
statistics) in the following way. Note that, in general,
this peak does not correspond to the maximum of the
ion distribution.

Since the sensitivity of the MA is strongly mass
dependent, we must first introduce the geometric

factor G, of the MA as a function of the ion mass _ __
(Meier, 1988). An analytical approximation is given

by
: - 9.5.107*- MY M=<24
~ 113103 ¢
Gu {—4-10“5+(2/M)3 M>24
Gy = [cm?stereVie] N
M = nominal mass [AMU ] corresponding to energy
binj .

As the count rate is the product of ion flux and

integral response function, C ,’}' can then be expressed

as

2wkl ] m;

2
m;  \» v
m;

C#-’—‘N,"GM‘/(

X eXp (— i% (vij - v,,)l) . (8)

Now comparing Eq. (6) and Eq. (8) we find

. clf (U.-k )2
Jk=7—"\ 7"
Gy v

[ m

X €Xp ’l— KT [(vie = Vo )P — (v — Vb)zl} NC)

At this stage, a computer program performs a least
x ! fitting of the angle analyzer data in order to
evaluate the bulk speed and the temperature. The
data base consists of 3 point running averages Over
single HIS records, with a weight ratio of 1:3:1.
Because of the computer time needed it is not possible
to include the complete response function of the AA.
Therefore, we calculate the ion fluxes only at the
center of each energy-azimuth-polar angle bin. One
has to be aware that this might lead to a bias as soon
as the ion temperatures become comparable to or
even smaller than the width of the energy windows.
i.e.. in particular in the close environment of the
comet. Thus, taking into account the detector re-
sponse function might improve the results obtained
for the last five or ten minutes before closest ap-
proach. Further. it turns out that it is difficult to fit a
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complete W/W spectrum if it consists of more than
one ion group. Starting at around 23:45 SCET, the
contributions of heavier ions such as CO*, S~ and
COs5 to the AA count rates become noticeable at
higher energy. channels. After ~ 23:54 SCET, three
mass peaks can be clearly identified in the W/W1
spectra. A reasonable explanation for the difficulties
might be that G, suffers relatively high uncertainties
(Meier, 1988) in particular around M/Q = 28 which
in turn severely influence estimates of the abundance
ratios of the various ion groups. As a consequence of
this, we only included the water group peak of the
W/W1 data in our analysis, namely, we discarded all
W/W1 measurements beyond the eighth channel on
the high energy side of the W water group peak. We
point out that the application of Eq. (9) in order to
determine the plasma flow speed and temperature
does not require exact values of the geometric factors.
One only needs relative sensitivities which are quite
well known for the water group ions.

4. RESULTS

Figure 3 shows some individual fits approximately
every 2.5 min starting at ~ 23:25 UT. Note that UT
refers to Spacecraft Event Time (SCET) throughout
this paper. At the top of each frame, the ion flow bulk
speed in the Giotto frame of reference and the ion
temperature are indicated. Considerable deviations
between the model and the measurements are evident
outside the cometopause region which is crossed at
~23:30 UT (1.35 x 10° km ; d'Uston ez al., 1987 ; cf.

also Gringauz er al.. 1986). They might occur because
the count rates are low and. since the plasma is rather
hot. show no well developed maximum. Subsequently
the W measurements (upper curve) are fit quite well
while the W1 data are represented not as well, namely
in the bottom row of Figure 3. A remarkable change
in the ion spectra is observed between the
23:39:37UT and the 23:42:01 UT frame where
the peak of the distribution moves down to lower
mass channel numbers (equivalent to energy), and its
shape becomes narrower. This indicates a deceleration
of the ion flow as well as a cooling. For completeness.
Figure 4 provides a comparison of the fitted angular
distributions with the measured data. Again there is a
good agreement between mode! and measurements
most of the time. Note that the skewed shape of the
distributions is an instrumental effect caused by the
fact that particles appearing from quite different
directions are detected simultaneously  (see
Sect. 2.1.2).

Thue reason for the poor agreement between the W1
measurements and the calculated W1 spectra after
23 .52 UT is still not clear. The laboratory calibration
of the instrument indicated that the occurrence of
spacecraft charging might reduce the W1 count rate.
Another possibility is that the W1 becomes saturated.
Therefore, we have also carried out the analysis
taking into account only the four outermost elevation
bins of the AA for the x? fits after 23 :52 UT. The
results are shown in Figure 5 where the dashed lines
represent the calculated W1 spectra. Obviously, the
calculated W1 spectra differ considerably from the
data while the agreement between the measured and
calculated W spectra is enhanced.
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Figure 4

Comparison of the measured (lefi) and modelled (right} AA ion distributions in time steps of approximately five minutes. The horizontal axis
represents the five elevation sectors (for the corresponding angles ¢ see Fig. 1), and the vertical axis the 16 azimuthal sectors for each of the five ——
mass channels indicated at the left margin (17, 18, 19, 28, and 44 AMU). :
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Figure 6 summarizes the results of our analysis. The
dashed curves after 23:52UT show the plasma
moments if the W1 channel is discarded which we
assume to be more reliable. In the bottom panel. the
count rates of the MA channel with the highest tluxes
are drawn for the water group ions as a measure of the
number density. At the bottom, an additional axis is
included representing the distance from the comet in
units of 10°km. As mentioned above. the plasma
moments before 23:30 UT are unsure. During the
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The dashed curves represent the modelled
W1 count rates.

5 min following the crossing of the MPB region. the
bulk speed trace exhibits relatively high variations, on
the average. however. U seems 10 be constant at
<23 kms- ' This value is in good agreement with the
work of Formisano efal. (1988) who reported the
same value. The ion temperature falls off rather
smoothly from ~60eV outside the cometopause
region to ~20eV at 23:41 UT. From 23:35LT to
33: 40 UT. there is a decrease of v leading to 2 drop
from 17kms-' down to 13kms™' within | min

ORIGINAL PAGE IS
OF POOR QUALITY




RPN

(Yﬁ "

Giotto IMS—HIS

35 £ T s T 3
30 | L :
25 | \ A _
’ n 20 F LM A ' - 3
. i W j
E 15 Ly ol E
o A [ M :
E YAl Lﬁ'\ Yo.- jv
5F A adDA | pm ]
3 Vo 3
0t - e * * E— = vram
1000 — 7 T
Froure 6 100 R
igure — £ ]
Cometary ion flow parameters as observed by 3 10 [ [ -
the Giotto IMS-HIS spectrometer. The top two - "\V\-w\,,\
panels show the total plasma bulk speed in HSE ! ¥ A
coordinates, its component in the ram direct’ion. o1 E E
and the temperature as derived from 3D x~ fits : —
of the angle analyzer measurements to a flowing 10000 —_— e I
Maxwellian. The dashed lines afier 23:52 UT f— | Mass ‘_ﬂ’ A3
show the results if the W1 channel is discarded in 1000 Maas 1| _ o
; ; ] E —— | Mass 18 /./
the analysis. Since W1 measurements close to 2 E Z — | uass 13 /L 3
the encounter are obviously faulty, the dashed E| 100 AT
curve is most likely more reliable. Mass ratios as 3 10 F et L 3
derived from the mass analyzer have been X P = IPON I
applied. In the bottom panel, the peak count 1 B 91\/‘) M ) r P Fieal 3
rates from the mass analyzer are drawn for the ) e T
water group ions. Distance from the comet is SCET: 2320 2325 2330 2335 2340 2345;*295‘01 3§E§ , 9000
indicated in units of 10° km. Mm: 176 158 135 115 94 73 53 32 12

between 23:41 UT and 23:42 UT (r =9 x 10* km).
This is the reason of the spectral change discussed
above. The nature of this discontinuous transition is
best seen in the ram velocity v, and the temperature
which drop suddenly from 10 kms~! to 6 kms~! and
from 22 eV to 12 eV, respectively.

The observed velocity and temperature changes corre-
late well with the so-called « Discontinuity X » iden-
tified earlier by Balsiger (1989). At 23:42UT,
Johnstone etal. (1986) reported a gradual loss of
energetic solar wind ions. Goldstein eral. (1987)
found a very rapid drop (by a factor of 3) of the
proton density. As judged from their Figure 2, the
proton density decrease starts and terminates simul-
taneously with the cometary ion flow transition within
only a few seconds. It should be noted that around
this time there is also a small increase of the cold ion
fluxes (bottom panel of Fig. 6) in addition to the
overall rise of the fluxes.

Another interesting feature in the ion flow speed
profile is the second decrease starting at
23:48:30UT and the bulge centered around
23:52 UT. This decrease at 7 = 5.5 x 10* km shows a
quite similar behaviour with regard to the total ion
fluxes as observed at discontinuity X. An enhance-
ment of the ion fluxes is observed in coincidence with
the decrease of the ion flow speed while the total ion
fluxes are reduced prior to the deceleration of the
flow. It seems that the final sharp drop at
~23:52:30 UT carries similar signatures. The results
obtained after 23: 353 UT agree reasonably well with
the findings of Schwenn eral. (1987). Between
23:33UT and 23:56 UT. ¢, is around 5kms™!. as
has been found by Schwenn et al. (see their Fig. 1)
who also reported the sudden decrease at 23: 56 UT.
The only difference is that their values of v, after

218

23:56 UT are slightly lower than our results. Note
that the omission of the W1 measurements leads to
bulk speeds being a few km s~ ! lower. However, since
in this case the buik flow vector is closer to the spin
axis of the spacecraft, the ram velocity is almost not
affected.

It is worthwhile to compare our data with the work
of Wegmann et al. (1987). Based on a cometary MHD
model including photochemical processes which lead
to the production of different ion species in the coma
of comet Halley, they published a diagram showing
the expected major plasma properties (for example,
ion and electron temperatures, plasma flow speed,
and ion density) along the trajectory of the Giotto
spacecraft. According to their predictions, the plasma
flow speed should decrease almost linearly between
cometocentric distances of 1.8 x 10° km and 10* km.
In the cometopause region, the Wegmann et a/. model
predicts a flow speed of t =~ 60 km s~ ' decreasing to a
value of about 5 km s~! at 10* km from the cometary
centre. On the other hand. the measured total flow
speed from our experiment is ~25kms~' in the
vicinity of the cometopause. Furthermore, the velocity
profile is found to be quite jagged reflecting large-
scale variations in the cometary plasma flow. The
measured ion temperature tends to be slightly higher
(up to a factor of 2) than the theoretical value at
r=9x 10 km. At this distance. the trend reverses
and the experimental values become consistently
smaller than the theoretical values of the ion tempera-
ture.

Finally. Figure 7 shows the flow direction of the
cometary ions projected into the HSE (Halley-centric
Solar Ecliptic) xv plane (positive x toward the sun)
along the Giotto path. We have overlaid the presumed
position ot the MPB (dashed line) and the streamlines
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Figure 7 o
Projection of the cometary ion bulk flow vector into the ecliptic plane
centered at comet Halley. The positive x axis points toward the sun.
The position of the magnetic pile-up boundary taken from Fuselier
et al. (1988) (dashed line) and the sireamlines of a MHD model afier
Fedder et al, (1986) are also shown. The insertion shows the flow
vectors from the fits omitting the W1 channel.

of a MHD model after Fedder et al. (1986). It is seen
that the flow direction of the cometary ions is almost
anti-sunward and close to the MHD streamlines. A
comparison (Fuselier eral., 1988) of Hj velocities
with He** velocities, both measured by the HERS
sensor of the IMS, showed that in the vicinity of the
MPB there was a velocity difference between the
H; ions of cometary origin and the He™* ions of solar
wind origin. Unfortunately, the published He* * /Hj
velocities are based on moment calculations. These
moment calculations have similar biases (allowing
comparison of the Hi with He*"), but are not
accurate enough at low velocities to allow reliable
comparisons with the heavy ion data. Work is in
progress fitting the He* * /H; data with simulations of
the instrument response to Maxwell-Boltzmann distri-
butions ; these results may be sufficieatly accurate to
allow such comparisons (B. Goldstein, to be pub-
lished, 1989).

5. DISCUSSION AND SUMMARY

We have performed a three-dimensional analysis of
the Giotto IMS-HIS data to determine the moments
of the cometary ion distributions. After crossing the
cometopause region, the ions become gradually ‘col-
der. Further, we found a clear decrease of the flow
speed between ~ 1.15 x 10° and 8.6 x 10* km from
comet Halley. While for the first 5 min inside the
MPB our values of the flow speed agree very well with
those previously reported by Formisano ez al. (1988),
the subsequent clear decrease appears to be conflicting
with their results indicating the water group ion
velocity to be constant at ~ 23 km s~ ' inside the MPB
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down to 4 x 10* km. The reason for this discrepancy is
still unclear and might be subject to speculations.
However. we feel that the shape of the angle analyzer
spectra (Fig. 3) showing the peak moving to lower
energies as well as the high energy resolution of the
HIS in the critical range support our results. Fuselier
etal. (1988) have found some differences between
H; ions of cometary origin and He** ions of solar
wind origin using the HERS sensor of the IMS;
however, due to systematic biases that similarly affect
the He™~ and H; ions, these velocities cannot
presently be compared with our heavy ion obser-
vations.

It is instructive to trace the temporal development of
the angular distribution of the cometary ions. Figure 8
displays a time series of selected fully resolved AA
data for two representative mass channels. While the
detailed analysis of these data forms the subject of a
work in progress, we would like to point out that
several episodes can be defined. The comparably high

bulk speed and/or temperature shift the peak of the —--

jon distribution toward higher energies (i.e., higher
mass channels), thus the highest count rates are found
in mass channel 44 at the beginning. Note that the
measured particles are water group ions, not CO3.
The peak of the distribution lies close to the ram
direction only for the last three frames, i.e., after
~ 23 :52 UT. Before this time, at least a large fraction
of the ion distribution is clearly located outside the
AA field of view. It seems that around 23 : 30 UT, the
AA detects two ion populations with distinct velocities
and temperatures. Another possibility is that the
distribution is shell-like rather than a Maxwellian.
Detailed results from shell fits to the HERS water
group data will be published in a forthcoming paper.
They indicate that the plasma velocities obtained from
the shell fits are basically consistent with our HIS
analysis which leads to slightly smaller values
(B. Goldstein, to be published, 1989).

Briefly before the first sudden drop of the ram
velocity, around 23 : 38 UT, a second rather cold ion
population appears close to the ram direction. The
distributions measured between this time and
~23:48 UT apparently consist of two distinct popu-
lations, the cold one around the ram direction, and
the rather hot one close to the bounds of the field of
view. At this time, as the second discontinuity occurs.
the hot distribution seems to move closer to the ram
direction. Somewhere around 23:53 UT, the hot
fraction vanishes leaving behind the rather cold ions
observed close to the ram direction.

As outlined in the Introduction, charge exchange
effects can lead to replace the hot cometary ions
picked up farther upstream by cold ions. Using a
MHD model by Fedder eral. (1986), model calcu-
lations of Ip (1989) showed that the density profile
measured by the IMS can qualitatively be explained
by charge exchange loss of the hot cometary ions and
solar wind protons. By this process. a hot ion and a
cold cometary neutral react to produce a fast neutral
and a cold ion. Comparing our results with previously
published density profiles of the hot and cold
O- ions (Balsiger, 1989 : Shelley er al.. 1987). it urns
out that the « Discontinuity X» at 23:41LT

—_—

1

g




Figure 8

N runs from 0" 10 360", elevation from —1°(0) to 22'(5).

(r=~9 x 10*km) coincides with the maximum density
of hot O* as measured by the IMS-HERS. Starting at
about this distance, an exponential decrease of the hot
O+ is measured while an exponential increase of the
cold O* begins once the cometopause region is
crossed. Note that according to Figure 6 the increase
of the water group ion fluxes is stronger at this time
than it is on the average. The second discontinuity at
23:49 UT (r=5.5x 10° km}is observed at the same
time as the cold O* density again rises sharply after a
brief period where almost no density changes have
been observed. These local increases of the ion
number density can be understood as being caused by
the deceleration of the plasma flow. As a consequence
of the continuity equation this would lead to an
accumulation of ions picked up farther upstream (Ip.

1989).

In conclusion, the observed velocity and temperature .
ble on the basis of i

profiles turn out to be explaina

charge exchange processes although some features
remain unclear, €.g.. what particular effects cause the

flow to be decelerated abruptly at certain distances.

~ However. the plasma moments derived in this work
" must be treated as an average over distributions which
are a composite of two or even more distinct popu-

- Time series of selected angle analyzer distributions for mass channels 18 (top row) and 44 (bottom). The colour coding is shown at right.
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lations of quite different characteristics. Since there
evidence for drifts among the cometary ion species,
the velocity discontinuities might be somc“kig’q;g'
artifact arising at those radial distances “wherge 8
particular component starts to dominate. Thege!
to get further insight in the processes involve
necessary to find an algorithm being able to
the various ion populations. ,
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ABSTRACT. The ion composition measurements in the ionosphere of comet Halley by the ion mass
spectrometer (IMS) experiment on the Giotto spacecraft are used to estimate the relative abundance of HCN.
* From a comparison of the normalized number density of ions with mass-to-charge (M /q) ratio of 28 AMU/e with
steady-state photochemical models, it can be determined that the production rate of HCN directly from the
central nucleus is QCHCN) = 2 x 10~ Q(H,0) at the time of Giotto encounter. The related photo chemical
mode! calculations also indicate that Q(NH,Y/Q(H,0) = 5 x 10-3 in agreement with recent determination from
ground-based observations. The estimated value of Q(HCN) is lower than the relative abundance of
Q(HCNYQ(H.0) ~ 10~ as derived from radio observations of the 88.6 GHz emission of the J=1-0
transition of HCN. The difference may be the result of time-variations of the coma composition and dynamics as

well as other model-dependent effects.

Annales Geophysicae, 1990, 8, (5), 319-326.

1. INTRODUCTION

One of the brightest emissions in the optical comae of
comets belongs to the CN radicals even though the
CN production rate has been found to be quite small
in comparison with the water production rate (i.e.,
Q(CN) =~ 10-3 Q(H,0) ; see A’Hearn, 1982). The
parent molecules of CN have been suggested to be
HCN, CH,CN, C.N, and more complicated mol-
ecules such as the cyanopolyynes, HC, ,, (N. The lirst
two molecules have been detected in intersteilar space
while the cyanopolyynes were predicted to be the
products ol ion-molecule reactions in interstellar
molecular clouds (Mitchell eral., 1979 ; Kroto ef ul.,
1987). Besides these many possible parent molecules,
the CN radicals could be released in several ditferent
ways in cometary comae. First, parent molecules like
HCN could be emitted directly from the nucleus, The
subsequent process of photodissociation would then
lead to the injection of the CN radicals as daughters
into the expanding atmosphere. (The photodissocia-
tion time scale of HCN at a heliocentric distance ol

1 AU is 8 x 10*s; Huebner and Carpenter, 1979).
Second, the parent molecules themselves could be
first created from a grandparent or released from
small dust grains. The latter process might have
indeed been indicated by the formation of narrow jets
in CN emission in comet Halley's coma (A'Hearn
et al., 1986 ; Cosmovici er al., 1988). A suggestion by
A'Hearn et al. is that the CN radicals (together with
C,. C, and other molecules) in the jets could be
emilted (rom sub-micron grains of organic compo-
sition. Up to now, there is yet no accurate determi-
nation on the proportion of CN emitted in the
distributed source region relative to the total CN
production rate.

Ground-based radio observations have been successtul
in monitoring the HCN emission at §8.6 GHz {rom &
number of comets including comet Halley, Among
them are camets Kohoutek 1973 XIT (Hucbner ¢ral.
1974). Bradficld 1978 VIT (Schloerb eral.. 1979).
Bradticld 1979 N (Ekelund er af.. 1981 TRAS- Araki-
Alcock 1983d (Bockelee-Morvan eral . 1934) and
Halley (Despois eral.. 1986 1 Schlocth cral.. 1986).
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The result of comet IRAS-Araki-Alcock 1983d is of
particular interest as the u?per limit of the HCN
production rate (< 1.2 x 10~ mol.s~ ') was shown to
be significantly below that of the CN radicals
(Q(CN)=35x 10 mol.s™'). This is the first indi-
cation that HCN might not be the main supplier of the
CN radicals in some comets (Bockelee-Morvan er al.,
1984 ; Bockelee-Morvan and Crovisier, 1985).

The observations of comet Halley by Despois er al.
(1986) in 1985 suggested that Q(HCN)=~ 8 x
10"* Q(OH). In comparison, the corresponding value
of Q(CN) was estimated to be on the order of
10-% Q(H,0) by Wyckoff et al. (1988). Schloerb ez al.
(1986) thus proposed that HCN could still be the main
parent molecule of CN, at least, in the case of comet
Halley. The wvariation in the ratio of
Q(HCN)/Q(CN) in different comets (i.e., comet
IRAS-Araki-Alcock vs. comet Halley) may in fact
reflect the variations in their chemical compositions,
origins and/or thermal evolutionary histories. A clari-
fication of this point will be an important task of
future ground-based observations with a view to
establish a data base for as many comets as possible.

Since the production rate of HCN obtained from
radio observations depends sensitively on theoretical
models of the excitation mechanism (see Bockelee-
Morvan eral., 1984), it is important to check this
value using an independent method. The Giotto
encounter with comet Halley in 1986 provided a
unique opportunity in this respect. Several instru-
ments onboard the spacecraft were capable of detect-
ing cometary ions insitu by means of mass spec-
trometer techniques. In the following, we shall discuss
how the measurements by the ion mass spectrometer
(IMS) experiment can be used to derive the pro-
duction rate of HCN. In Section 2 the instrumental
characteristics and observational procedures will be
outlined. This is to be followed by a discussion on the
numerical method in getting the value of Q(HCN)
from the ion composition measurements. The final
section is dedicated to a summary of the main results
and its possible implication in cometary physics.

2. OBSERVATIONS

The measurements were carried out by the IMS
experiment onboard the Giotto spacecraft during its
flyby observations of comet Halley on March 13, 1986
(Balsiger eral., 1986). The experiment consisted of
two sensors: (a) the high energy range sensor
(HERS) which was optimized for measuring hot
cometary ions with energy E/q = 10-4500 eV/e, and
(b) the high intensity sensor (HIS) which was designed
specifically to enable measurements of cold cometary
ions in the inner coma where the count rates were
expected to be very high. Both HERS and HIS are
mass spectrometers using variable electric fields and
static magnetic fields for simultaneous determination
of mass per charge (M/q) and velocity distributions
within respective energy ranges. The optical principles
of the IMS and its flight configuration can be found in
Balsiger eral. (1987).

The data taking scheme of the HIS part were divided

into two modes. i.e.. the N-mode and H-modes The
sharing of the data transmission rate was such that. for
cometocentric distance (r)> 8 x 10* km. the time
resolution for each mode was 16 s (i.e.. four spacecraft
spin periods) and the corresponding spatial resolution
was 1100 km. When r < 8 x 10* km, both time and
spatial resolutions would be improved by a factor of 2. ;

The closest approach to the nucleus of comet Halley -
was at a distance of 610 km : but the IMS instrument
failed to function normally due to dust itnpact once
reaching a cometocentric distance of about 1300 km
inbound. In any event. the most interesting region of
cometary ionospheric dynamics, namely, the bound-
ary of the magnetic field-free cavity separating the
ionospheric plasma of pure cometary origin and the
external cometary plasma flow mixed with solar wind
was traversed by the spacecraft at r = 4600 km.
Reports on the Giotto observations in this region can
be found in Balsiger er al. (1986), Krankowsky et al. :
(1986), Neubauer eral. (1986), and Schwenn et al.
(1987).

In the present discussion, we shall concentrate on the
H-mode data taken by the HIS sensor inside the
contact discontinuity where the magnetic field
strength is essentially zero. Inside this boundary, the
expanding ionospheric flow may be approximated by
a spherically symmetric model thus rendering a much
simpler way of data analysis. It should be mentioned
here that the contact discontinuity represents not just
a boundary of plasma dynamics but also two plasma
flow regions of different chemical compositions. Cer-
tain signatures of compositional variations across this
surface can be identified. For example, the number
density of the H;O- ions with M/q =19 AMU/e
displays a jump at this location. These features reflect
the important influence of flow dynamics on the
cometary ionospheric chemistry. A study of the ion
compositional changes across the contact surface will
be reported in a later work. ’

The number densities given in Figure 1 were obtained

by scaling the total count rate from the M/q =

19 AMU/e channel at the contact discontinuity to a
number density of n, (H,0~ ) = 10° cm™ 3. Photochem-

ical models of comet Halley’s ionosphere at a :
heliocentric distance of 0.9 AU generally predict a '
total ion number density on the order of 10* cm~> (Ip,
1986). Only by increasing the solar UV ionizing
photon flux by a factor of 10 larger than the nominal
value would the ionospheric content be increased by a
factor of about 2 (Marconi and Mendis. 1988). But

this may be a somewhat extreme example.

With the same scaling factor for the H;O- ions we
could obtain the normalized number densities of other
ion channels. Shown in Figure 1 are the corresponding
values for the M/g = 28 AMU/e and 29 AMU'e ions.
respectively, inside the contact surface. Due to the
possible presence of complex instrumental effects
permitting cross-talk between these two channels the
H.CN- ions might in fact be counted mostly in the
mass channel with M/qg = 29 AMUe. Thi trend s
supported by preliminury calibration data. Before the
final calibration procedure pertinent to these ion
masses is completed. we would refer to these values as
representing the lower and upper limits. <
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Figure 1

A display of the count rates of the mass channels M19, M28 and M29
from the ion mass spectrometer (IMS) onboard Giotto. Each mass
channel nominally corresponds to ions with mass-to-charge ratio
(M/q) as indicated, i.e.. M/q = 19 AMU /e for the mass channel
M19. Because of instrumental effects, ions with certain M /q values
might be measured in the mass channel above or below. For
example, preliminary calibrations suggest that M/q = 28 AMU /e
ions could be measured in the M29 channel. Before the final
determination, the count rates from mass channels M28 and M29 will
be adopted as the lower and upper limits corresponding 1o
M/q =28 AMU /e ions. In the present figure the M19 (e.g.,
H,O" ions) count rate is normalized to a value of n = 10° em™ at
the contact discontinuity near r = 4600 km.

3. THEORETICAL MODELLING

The channel with M/q = 28/e is interesting because
of the fact that the HCN molecules could collisionally
interact with the H,O* and H;O~ ions to form the
H.CN* jons, i.e.,

HCN + H;0" - H.CN* + H,0,
k,=35x10"%cm’s™" (1)

'HCN + H,0” - H.CN* + OH .

k.=10x10""em’s™ . (2)

On the other hand. the H.CN" ions only react very
weakly with water molecules (rate constant k =
88 % 10" % cem¥s ! see Anicich and Huntress. 1986)
such that electron dissociative recombination :

H.CN™ - ¢ — products .
a,=23x10" em's™' (3)

would be its most important loss process in the inner
coma. In this manner, H.CN™ could become one of
the dominant ions within the first 1000 km radius of
the inner coma (Ip. 1986). Consequently. in spite ot
the fact that HCN is a minor species, the chemical
enhancement of the H,CN~ ions in the inner coma
could facilitate its indirect detection.

The M/q = 28 /e channel can be contaminated by the
CO- ions. This possibility must be examined carefully
in view of the fact that the CO molecules have been
found to be the second most abundant species in
comet Halley with Q(CO) = (0.10-0.15)x
Q(H,0) ; see Eberhardt e al. (1987) and Krankowsky
and Eberhardt (1989). Interestingly enough. the gen-
eral trend of ion chemistry in the cometary ionosphere
is to deplete the CO* ions such that within certain
cometocentric distance (r = 4000 km, say), the
H,CN* ions could still dominate the M/q =28/e
channel with relatively small contamination from the
CO-~ ions. This point can be clarified as follows. First,
the CO* ions from photoionization would react
rapidly with the H,O molecules via ion-molecule
reaction :

CO* + H,0 - products ,
k,=25x10"ecm’s™! (4)

such that CO~ itself would be preferentially depleted.
At quasi-photochemical equilibrium, the photoioni-
zation source term is balanced by the icn-molecule
reaction loss :

n(CO)/t; =k, n(CO*)-n(H,0). (5)
In other words, we have
n(CO™ ) = [n(CO)/n(H,0)]/(ky1,) . (6)

According to Eberhardt er al. (1987). about half of the
CO molecules were released directly from the nucleus
and the rest in a distributed source region with a
dimension of about 2 x 10* km, we can then assume
n(CO)/n(H,0) = Q(CO)/Q(H,0) = 0.05. With a
photoionization time scale (1;) of 3 x 10%s (Huebner
and Carpenter, 1979) and an ion-molecule reaction
rate (k,) of 2.5x 107%cm’s™" (Anicich and Hun-
tress. 1986), we find n(CO* ) = 7 cm™". By the same
token. the number density of NI can be determined
to be n(N5 )= 2cem™*if Q(N,)/Q(H;0) = I %. tak-
ing into account the following ion-molecule reactions
(Anicich and Huntress. 1986) :

N; + H.O - H,0" +N,.

k,=1.6x 10 "em’ s (7)
and
N: +H.O - N.H -OH.

ke=3010 Mem's ()

Since the number density of CO- in Eq. (6) depends
on the ratio of n(CO) to n(H,O ). it is nearly constant
throughout the inner coma up to the contact disconti-
nuity. The N7 ion would follow the same pattern. As
for the H.CN' ions. the density profile follows



essentially a r~ 7 law (see discussion below and Fig. 1).
These different patterns hence provide a means_to
separate the H,CN™ from the N7 and CO- ions,
provided there are no other ion species contributing
to the M/q = 28 AMU /e channel.

In order to investigate this point further, we have
carried out a simple model calculation for the iono-
spheric composition of comet Hailey during the time
period of Giotto flyby. The expansion of the neutral
gas and cometary plasma is assumed to be spherically
symmetric. The H,O production rate is taken to be
Q(H,0) = 7 x 10 mol s~ ! and the radial expansion
velocity is assumed to be a constant value of
V,=1kms" ' (Krankowsky et al., 1986).

The network of photochemical calculations includes
the photolytic reactions of H;O, HCN and NH,, the
electron dissociative recombination reactions of the
major ions involved, and ion-molecule reactions of
the daughter jons with the parent neutrals. For
completeness, the reactions considered are listed in
Tables 1-3. NH; is considered here because, as a
result of protonation, the NH; ion could become one
of the major ions in the inner coma (Aikin, 1974 ;
Allen et al., 1987). This interesting property of comet-
ary ion chemistry has been used to infer the relative
abundance of NH; in the coma of comet Halley (Allen
et al., 1987 ; Marconi and Mendis, 1988). Further-
more, as will be discussed later, the NH; ion also

Table 1

Photolytic reactions.

Table 3

Ton-molecule reactions.

Reaction Rate constant Reference
1. H,O+hvr —-H+OH 1.0 x 10-* HC
2. HHO+hy - H.+O(D) 1.4 < 10-¢ HC
3. O+ hyr - H,O" +e 3.3 x 1077 HC
4. HO+hv -OH-+H+e 5.5 %108 HC
5. HO+hAv - O*+H,+e™" 5.8 x 107° HC
6. HO+hv —~H +OH+e 1.3 x 10-® HC
7. NH; +hv - NH;+H 1.1 x 10 HC
8. NH;+hv —NH+H, 6.3 x 1073 HC
9. NH;+hr ~NHj+e 6.1 x 10”7 HC
10. NH; +hv - NH; +H+e 1.9 x 107 HC
11. NH;+hv - NH-+H; +¢ 6.9 x 10~° HC
12. HCN + hv - H+CN 1.3 x 103 HC
13. HCN + hv - HCN~ +¢ 3.0 x 107 Guesstimate
14. HCN +hy  —CN-+H+e 3.0 x 1007 Guesstimate
HC = Huebner and Carpenter (1979).
Table 2
Electron dissociative recombination reaclions.

Reaction Rate constant Reference
0L HO" +¢ —H+OH 91x10°T," ADH
102. HO-+¢ —-O+H: 39x 0T " ADH
103 HO ~¢ —-HO+H 34xi0:7."" ADH
103, NHj ¢ =NH,+H 41xi0°T ADH
105. NH! - ¢ - NH. +H fixwT " ADH
106, HCN- -¢ —H -HCN 40x10°T, 2% Guesstimate *
107. HCN- +¢ - H +CN 10 % 10°°T, "% Guesstimate ™

ADH = Allen er al. (1987).
*K = 3.7 x 10°" T, " according to Schmidt er al. (1988).
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Reaction Rate co-starn: Reference
201, NH- - H.0 - H O -N Lot AH
202. NH- + H.0 SH,O--NH Ll <l- AH
203. NH- + H,O ~ NH: -OH RE AH
204. NH- + H,O ~NH: -0 18 AH
205. NH; + H,O LHO -NH 2.8 iF AH
206. NHI ~ H,0 - NH;+O 1.3 lr¥ AH
207. NH; - H.O - NH--OH 1L e time AH
208. NHj + NH, NH;-NH, 2217 AH
209. O~ + H.O —+HO0 +0 3217 AH
210. H- -« H,O —+H.O--H Sl AH
211. OH" + H,O -H,0-+0OH 13«1l AH
212. OH" + H,0 -H;0-+0 [.4x 17? AH
213. CN- + H,0 ~HO +CN 3l AH
214. CN- + H,O -HCN-+OH 1.6x 10 AH
215. CN* + H,0 -+ H.LCN-+O  4Bx 1 AH
216. CN- + NH;, —~NH; +HCN 1.0x 1 AH
217. CN- + NH;, -~ NH; +CN 1.2 x 107 AH
218. CN- + NH; — HCN- + NH, 1.0x 10~ AH
219. CN» + NH; -+ H,CN- + NH 3.0x 107 AH
220. CN*+HCN = HCN-+CN 235x 10* AH
221. HCN* + NH,; — NHj+ HCN 1.7 x 107 AH
222. HCN- + NH; - HI + NH, 8.4x 10-° AH
223. HCN+ +NH, o NH;+CN 1.4 107 AH
224. HCN- + H,0 - H,;0- +CN 1.8 x 107 AH
225. HCN* + H,0 = H,0- + HCN 1.8 x 107 AH
226. HCN- + HCN = H.CN- +CN 1.6 x 1 AH
227. H,CN- +NH; — NH{ - HCN 2.4 lir? AH
228. H,0- +NH, - NH{+ OH 1.0 x 107% AH
229. H;0- +NH, —NH]+ H,O 2.0x10* AH
230. H,0- +H,0 - H 0" +H0 2.1x 10 AH
231. H,0* + HC(N - H.CN™ + OH 1.0x 107 AH
232. H,0- + HC(N - H;0" + CN  1.0x 10 AH
233. H,0* +NH; -~ NHi+ H.O 22x 10 AH
234, H,0* + HCN - H.CN- + H.0 3.3x 10 AH

AH = Anicich and Huntress (1986).

tends to modulate the abundance of H.CN~ ion in the
inner coma.

A more comprehensive photochemiczl model calcu-
lation (Ip, 1986) including H.O. NH:. HCN. CO,
CO,, CH,, and several hydrocarbons 2as shown that
ions such as OH-, CO-. HCO-. and COx all have
number densities < 10 cm~2 (e.g.. < - “¢ of total ion
number density). Their omission in 1Ze present com-
putation therefore should not cause werious problems
in our investigation specific to the zbundance of
HCN. Note that a highly simplified protochemical
network has the merit of fast-compuiation thus per-
mitting a more complete study of {ne -e.2\ ant parame-
ters. On the other hand. a chemica. model including
as many species and reactions as ~ossiple (cf. Ip.
1986) is extremely time-consuming : ‘e resultant
computer program would also lack 1m2 dlexibility as
required here. Our present approzct i hence a
reasonable compromise.

The radial variations of the ion tum=er Jensities and
ion composition depend on the 2leciron temperature
(T.) profile adopted. This is becatse z.23t7on Jissocia-
tive recombination. with the rate soemmznts tollowing
a temperature dependence Ustals 0 one form o of
T " s the main loss mechanism tnemain. Trhe etlect

¢

of several different temperature T7oilss fave Deen
examined. As shown in Figure 2. casz Sreatanvely
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Figure 2

Different possihle electron temperature profiles in the inner coma of
comet Halley. Curves (a) and (b) represent eleciron temperature
variations with different magnitudes of radial gradients. The very
abrupt increase of electron temperature inside the contact surface as
illustrated in case (b) is not supported by the Giotto IMS measure-
ments. Curves ( ag and (c) produce similar results in ion compositions
for r between 10° and 4.5 x 10° km. In the present work, the curve
(c) with a constant value of T,(= 300 K) has been adopted.

approximates the situation where 7, increases
smoothly from a value of about 10 K at r = 100 km to
300 K at r = 5000 km. This behaviour has been pre-
dicted by thermal model calculations (Mendis et al.,
1985). The other case (b) is to investigate the situation
in which a very steep electron temperature gradient
may exist in the inner coma (Korosmezry et al., 1986).
Our photochemical calculations show that the sharp
increase in T, as given by case (b) would lead to a
rapid increase of the H;O* ion number density which
reaches a value of about 2000 cm™> near the contact
discontinuity. As such upturn of the count rate of ions
with M/q = 19 AMU /e was not observed by the IMS
experiment, this may be taken as an indication that
the electron temperature should have a relatively
smooth profile as exemplified by case (a). The actual
electron temperature profile could be, of course,
somewhat different. One extreme limit would be to
have a flat temperature profile with T, ~ 300 K (i.e.

case (c)) as adopted in the model calculations by
Allen eral. (1987). The main effect would be to have
slightly larger ion number densities at r < 3000 km
because of the reduced effect of electron dissociative
recombination. The general behaviour in the radial
dependence of the ion number density is maintained.
however.

The dependence of the H.CN™ content on the relative
abundance of HCN can be evaluated by using different
values of Q(HCN) in the photochemical calculations.
Figure 3 shows the cases with Q(HCN })/Q(H,0) =
2% 10°%, 5x 107* and 1077, respectively. At the
same time, five different values of Q(NH;)/Q(H.0)
are considered. The effect of increasing the NHj
abundance is to reduce both the H,CN~ density and
the corresponding radial gradient. In other words. the
HCN and NH; abundances are coupled.

From an examination of the theoretical H,CN- ion
density profiles as a function of the relative abund-
ances of both HCN and NH;, we could obtain a curve
relating the Q(HCN) and Q(NH;) combinations
which provide acceptable fits to the measurements. In
Figure 4, we see that such a curve, if incorporating the
two determinations of the NH; abundance by Allen
et al. (1987) and by Tegler and Wyckoff (1989). would
imply a value between 2-3 x 10-? for the relative
abundance of HCN. A value as high as 103 for the
relative abundance of HCN would require
Q(NH;)/Q(H,0) = 5 % which is ruled out by both
in situ measurements and ground-based optical obser-
vations. In fact, if the slope of the density variation as
depicted by the IMS observations is taken into
consideration, the smaller value appears to be a better
fit and in turn points to a relative abundance of NH;
of about 0.5 = 0.2 as proposed by Tegler and Wyckoff
(1989).

4. DISCUSSION -

As mentioned before, the radio observations by
Despois et al. (1986) and Schloerb et al. (1986) re-
ported a HCN production rate on the order of
Q(HCN) = 10~ * Q(H,0). The Giotto IMS measure-
ments in the ionosphere of comet Halley. on the other

e
5 103 F T '||||l ' 1 lltlY: = T 17 lIITlI T T i & 1 T Fre7 17 T ﬁ
- E EI i E 0% . z
= f : N 1T oy 250 Z.
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Figure 4

A graphical curve relating the relative abundances of HCN and NH;
as constrained by the IMS measurements of the H,CN~ density
profile. The range of relative abundance of NH, as given by Tegler
and Wyckoff (1989) is indicated as (a) and that by Allen et al. (1987)
is indicated as (b).

hand, pointed to a value about a factor of 4 smaller.
Within the context of a steady state photochemical
model, the IMS data set an interesting limit on the
relative abundance of HCN emitted directly from the
central nucleus, i.e., Q(HCN)=2x 107 Q(H,0)
as given by the M/q =29 AMU /e channel, at the
time of Giotto encounter — in case
Q(NH,)/Q(H,0) ~5x 107> as determined by
Tegler and Wyckoff (1989). This difference may be
partly due to time-variation in the outgassing process
of the comet. For example, Schloeb eral. (1986)
found significant day-to-day variations in the HCN
production rate whilst formation of expanding CN
shells was observed in the coma of comet Halley
(Schlosser eral., 1986). The infrared fluorescence
equilibrium model used 1o compute the excitation rate
of the 88.6 GHz emission of the J =1 -0 transition
of HCN might also contribute to some uncertainties.
The possibility thus exists that HCN is only a minor
contributor to the CN radicals at different episodes
leaving CH;CN, C:N, and other more complicated
molecules as the main suppliers.
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Even though CN is only a very minor species in
cometary atmosphere. its very >trong optical emission
can be used as an important tracer for the chemical
composition and hydrodynamics of the gaseous coma.
This is particularly interesting in view of the obser-
vations of CN-jets and expanding CN halos in the
coma of comet Halley. The formation of the CN-jets
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Finally, we should point out that we have restricted
our consideration to a steady-state photochemical
model. Observations of the gas emission and activity
of comet Halley have produced ample evidence that
its outgassing process could be highly anisotropic and
sporadic at times (A'Hearn e al., 1986 ; Larson et al.,
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zation might not be the only jonization mechanism.
The validity of present calculations is therefore subject
to correction once the ionospheric environment of
comet Halley during the Giotto encounter is more
clarified.
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ABSTRACT v

On its flight by P/Halley, the Giotto spacecraft carried a High Energy Range
Spectrometer (HERS) for measuring the properties of cometary ions picked up by the solar
wind in the nearly collisionless regions of the coma. Preliminary estimates of the ion
densities observed by HERS have now been reevaluated and extended; density profiles
along the Giotto trajectory are presented for 13 values of ion mass/charge. Comparison
with the physical-chemical model of the interaction of sunlight and the solar wind with the
comet by Schmidt et al. (1988) reveal that, with the exception of protons and Hz*, all ion
densities were at least an order of magnitude higher than predicted. The high ion densities
cannot be explained on the basis of compression of the plasma, but require additional or
stronger ionization mechanisms. Ratios of the densities of different ion species reveal an
overabundance of carbonaceous material and an underabundance of H* compared to the
predictions of the Schmidt et al. model. While the densities of solar wind ions (H* and
He*+) changed sharply across a magnetic discontinuity located 1.35x105 km from the
comet, this feature, which has been called both the "cometopause” and the "magnetic pileup
boundary"” was barely distinguishable in the density profiles of hot cometary ions. This
result is consistent with the interpretation that the magnetic pileup boundary detected by
Giotto was caused by a discontinuity in the solar wind d is not an intrinsic featﬁre ,

of the interaction of the solar wind with an active comet.

Subject headings: comets -- plasmas -- abundances




I. INTRODUCTION

Most cometary plasma falls into one of two categories: (1) Hot plasma consisting of
material ionized in the upstream solar wind or in the slower, mass-loaded solar wind in the
outer coma. These pickup ions spiral around the magnetic field carried by the solar wind
and have a "thermal” speed nearly equal to the speed of the wind at their point of pickup.
(2) Cold plasma in the inner coma in collisional equilibrium with the neutral gas flowing

out from the nucleus with speed < ~1 km/s and a temperature of ~300 K (Ldmmerzahl et
al., 1987).

The ion mass spectrometer (IMS) flown through the coma of P/Halley by the Giotto
spacecraft in March, 1986, used separate sensors to study hot and cold ions. Preliminary
estimates of the densities of different ion species observed by the IMS along the spacecraft
track were reported by Balsiger et al. (1986, 1987a), Schwenn et al. (1987), and Balsiger
(1990). The significance of those ion measurements has been interpreted by Balsiger et al.
(1986), Allen et al. (1987), Geiss (1987), and Ip (1989a), among others. The intervening
four years have allowed detailed reexamination of the IMS data together with more realistic
analysis and modeling of the instrument's performance. It is the purpose of this paper to
present the results of the recomputation of the densities of the hot component of the ion
population observed by the IMS. The recomputed densities are generally greater than those
presented before. The analysis has also been extended to include more ion species and
finer temporal or spatial resolution. Comparison of the hot ion densities and abundances
with lie predictions of a numerical physical-chemical model by Schmidt et al. (1988)
allows some conclusions to be drawn about the dynamics and chemistry of the coma as
well as the composition of the volatile material in the nucleus. The comparison shows that

some modifications of the model are clearly required.



Revised analyses of the hot-ion dynamics (i.e., distribution functions, velocities,

and temperatures) and of the cold-ion densities and abundances will be presented in future

papers.

II. INSTRUMENT DESCRIPTION

The IMS had two sensors, named the high-intensity spectrometer (HIS) and the
high-energy-range spectrometer (HERS). HIS was optimized for measuring the cold, slow
ion flow in the inner coma, whereas HERS was optimized for measuring the hot plasma in
the outer coma and in the solar wind. Details of these sensors have been described
previously (Balsiger et al., 1987b); only those characteristics pertinent to the discussions of |
data which follow are repeated here. HIS and HERS both used combinations of electric
and magnetic analyzers to map out the three-dimensional velocity distributions as a function
of the mass/charge ratio of the ions. Functionally, they differed in that the HIS field of
view pointed along the spacecraft spin axis, which was aligned with the velocity vector of
the spacecraft relative to the comet, while the HERS field of view extended from ~15° to
~75° from the spin axis. Thus HIS analyzed the dense, slow-moving plasma scooped up
by the spacecraft motion, while HERS was sensitive to the hot pickup ions gyrating around

the magnetic field. The present paper concentrates on the hot ion data acquired by HERS.

HERS measured ion mass/charge and velocity distributions in a 3° x 60° fan-
shaped field of view which swept out a 360° by 60° annulus as the spacecraft spun with a
period of 4 seconds. The energy/charge range of the sensor extended from 10eV/e to a
mass-dependent upper limit of ~ 4 keV/e. The sensor mass/charge range changed once per
spin period, cycling through four measurement modes: the light mode withm/q=2 -4
amu/e, the medium mode with m/q = 12 - 26 amu/e, the heavy mode with m/q = 15 - 35

amu/e, and the proton mode. The time to repeat observations in a given look direction for a



given rnass/c‘harge was thus 16 s, which corresponds to a spatial resolution along the

- spacecraft trajectory of 1100 km. In the inner coma, less than 62,000 km from the
nucleus, priority was given to HIS measurements with the consequence that two spins of
HERS data were summed for each mass/charge range, thereby changing the time resolution
to 32 s (2200 km spatial resolution). Except for the proton mode, HERS registered ions on
a microchannelplate (MCP) detector, measuring the energy/charge (64 quasilogarithmic
bins), azimuth angle (64 bins denoting the phase of the spin motion), elevation angle
relative to the spin axis (8 bins, each 7.5° wide), and mass/charge (denoted by which of 40
mass anodes of the MCP recorded the ion). The output data thus formed a time series of 4-
dimensional arrayg (counts versus energy/charge, azimuth, elevation, and mass/charge).
Proton data were acquired slightly differently; their mass/charge was uniquely determined,

there were only four elevation bins (each 15° wide), and they were detected 'by channel

electron multipliers rather than the MCP.

III. METHOD OF CALCULATING DENSITIES

The orientation of the spacecraft spin axis and velocity vector allowed the HERS to
observe the solar wind for several days before the encounter with the comet. Beginning
~12x106 km from the comet, HERS detected picked-up cometary protons; the cometary
proton density upstream of the bow shock (1.14x106 km from the nucleus) has been
reported by Neugebauer et al. (1989). Once inside the bow shock, the distributions of
picked-up cometary protons and the heated solar wind ions overlapped in velocity space, so
only the total (cometary plus solar) proton density could be calculated. The light-mode
HERS data provided information on helium and other minor ion species in the solar wind,

both upstream and downstream of the Halley bow shock.



The 4-kV upper limit of energy/charge and the background counting rates of its
microchannelplate (MCP) sensor prevented HERS from detecting the pickup of heavier
cometary ions until the spacecraft was ~250,000 km from the nucleus. A measurable flux
of hot, cometary ions was then observed along the inbound Giotto trajectory until the
spacecraft reached a distance of 40,000 km. The plasma seen in the ram direction by HIS
started to increase slowly at 150,000 kam; by 50,000 km most of the plasma flux was
limited to the HIS field of view. Near closest approach to the nucleus, the HERS ceased
operation following a severe electrical disturbance on-board the spacecraft, probably caused
by a dust impact near closest approach to the nucleus; thus no HERS data were obtained on

the outbound leg of the Giotto trajectory.

The calculation of cometary ion densities from the HERS data proceeded as

follows:

1. The data were summed over a sufficient number of spacecraft spins to obtain ~1000
counts of water-group ions (m/q = 16 to 18 amu/e, using both medium- and heavy-mode
data). The lengths of these summation intervals ranged from 128 to 512 seconds, which

corresponds to summing over § to 32 consecutive spectra for each instrument mode.

2. The count-rate matrices were corrected for detector background counts. The
background count-rate comrections, which depended on both elevation angle and mass
anode, were determined by averaging several hours of data obtained earlier on the day of
the comet encounter when the spacecraft was millions of km from the nucleus and HERS
could detect only solar wind ions and picked-up cometary protons. Figure 1 shows the
distribution of counts versus mass anode number summed over the two elevation-angle

bins closest to the ram direction (i.e., elevation angles of 15 to 30°) for the entire interval

220,000 to 40,000 km. The spectra for the medium- and heavy-mode data are displayed



separately, in both linear and logarithmic formats to bring out different features of the data.
For the elevation bin closest to the ram direction, the MCP had a "hot spot" at the position
of anode 29, which resulted in a very high and very irregular background counting rate for
that anode. Due to the time varying nature of the hot spot, the background rate for that
anode was overestimated for the interval displayed in Figure 1. Data from anode 29 were
not used in the analysis presented below. The numbers printed over the count-rate peaks in
Figure 1 indicate the corresponding values of m/q. The count-rate versus mass anode
spectra cannot be converted directly into density or flux without detailed modelling of the
instrumental response; the most important factor is that the geometric factor of the

instrument varied approximately as (m/q)~4.

3. For each of the time intervals selected in Step 1, the vector velocity of the ions with
m/q = 16-18 amu/e was obtained by finding the least-squares fit of the observed
distribution to a spherically symmetric distribution in velocity space. This process
corrected for those parts of the ion distributions outside the HERS field of view. For the
part of the distribution that was within the HERS field of view, the data show that isotropy

is indeed a good first approximation.

4. The distribution of counts versus mass anode was then modeled using generalized
Gaussians to determine the position and width of each mass peak. Examination of the
flight data showed that the locations of the mass peaks had shifted by a fraction of a mass
anode in the year between laboratory calibration of the instrument and the comet encounter.
The cause of this shift is not understood. Thus the calibration data were used as a guide to
the approximate locations and widths of the mass peaks and least-squares fits of the flight
data were performed to determine the best values to use for the data analysis. It was
assumed that neither the locations nor the widths of the mass peaks changed during the

hour before closest approach to the comet. The positions and shapes of each of the mass



peaks were determined for the data set as a whole, while the contributions of different ion
species to the counts measured by each anode were separately determined for each time
interval by performing a least-squares analysis to determine the height of each peak.
Although it was originally intended to use both the medium- and heavy-mode data for
calculating the densities of water-group ions, the least-squares fits to the medium-mode

data were significantly superior to the heavy-mode data fits (the variances between the data

~ and the fits were smaller and the peak widths determined by the fits were closer to the pre-

launch calibration values), so only the medium-mode data were used to calculate the
densities for m/q = 16 - 18 amu/e. Figure 2 illustrates the type of fit that could be obtained;
it shows the measured water-group counts in anodes 18-27 for medium-mode
measurements. In this example, the measured counts are indicated by circles with error
bars representing the uncertainty arising from counting statistics; the upper curve shows the
least-squares fit; while the dotted curves show the individual contributions of ions with m/q

=16, 17, and 18 amu/e.

5. For each interval, it was then assumed that each ion species had an isotropic
distribution and the same bulk velocity vector v, as the water-group ions (as determined in
Step 3). Then, for each value of m/q, the 3-D distribution in elevation-azimuth-
energy/charge was transformed into a one-dimensional distribution of phase space density

versus |Av | , where Av = v - v, Integration over this 1-D distribution then gave the ion

density.

The method used for computing proton densities was similar except that:
1. The proton counting rate was high enough that the proton density could be calculated
on a spin by spin basis to yield 1100 km resolution. The computed proton densities have

been averaged over 6 minutes (25,000 km) for the purposes of this paper, but the full



resolution data have been submitted to the International Halley Watch (IHW) and the US
National Space Science Data Center (NSSDC) archives.

2. A moments technique, rather than a least-squares fit was used to calculate the proton
bulk velocity independent of the heavy-ion velocity calculated in Step 2 above.

3. The HERS instrument was able to identify protons unambiguously, with no mass

overlap, so Step 4 above was not necessary.

The fluxes of ions with m/q = 2 amu/e were great enough to allow 64 sec (4400
km) resolution. As for the protons, 6-minute (25,000 lgm) averages are presented in this

paper, with the full resolution data available from the authors or through the THW or
NSSDC.

IV. RESULTS

The density values computed as described above are listed in Tables 1-13 -- one
table for each value of mass/charge. Each table includes a quality index, which ranges

from 1 to 5. These indices should be interpreted as follows:

Quality = 1: high count rate and negligible statistical uncertainty. Also no significant
overlap with any other mass peak. The only important uncertainty in the density is the
absolute calibration of the instrument, which is estimated to be ~+30%. Only protons and

ions with m/q = 2 and 12 amu/e were assigned Quality = 1.

Quality = 2: high count rate and negligible statistical uncertainty, but ~10% additional
uncertainty due to overlapping mass peaks, leading to a total uncertainty of (.302 +.102)1/2

=32%. Water-group ions (m/q = 16 - 18 amu/e) fall in this category.



Quality = 3: low count rate with an additional uncertainty of ~10% due to counting
statistics (32% total uncertainty), but no significant problem due to mass-peak overlaps.
ITons with mass/charge 14 and 32 fall in this category despite the use of longer averaging

intervals for those ion species.

Quality = 4: moderate count rates and severe problems of overlap with a neighboring
mass peak. The additional uncertainty is ~25% (39% total uncertainty). Ions with

mass/charge = 28 amu/e have Quality = 4.

Quality = 5: severe problems with low count rates and/or a large neighboring mass
peak. The additional uncertainty may be 35%, to yield a total uncertainty of 46%. Ions
with Quality = 5 are at 4, 13, 15, and 29 amv/e.

The count-rate spectra in Figure 1 show some evidence for minor ion species for
which we have not presented densities. There was clearly some small number of ions with
m/q = 19 amw/e present. For the more reliable medium-mode data, the mass/charge peak
for m/q = 19 amu/e straddled the hot spot on anode 29, and it showed up as only a small
shoulder on the heavy-mode m/q = 18 amu/e peak. The HIS data showed that although
ions with m/q = 19 amu/e (presumably mostly H30+) were the dominant species at
cometocentric distances <2000 km, they provided less than 10% of the cold ion density
outside 35,000 km and less than 1% outside 80,000 km. We conclude that H3O* is an

important species only in the collision dominated inner coma.

Figure 1 also shows several small peaks between m/q = 19 and 28 amu/e. None of
these peaks was more than 2 standard deviations above background. Further work on

limiting the region of phase space examined may allow calculation of a density for the m/q
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= 24 amu/e peak which had counts in two adjacent anodes in both the medium and heavy

modes.

It must be emphasized that inside 80,000 km the densities given in Tables 1-13 are
lower limits to the total ion densities in that they refer only to the hot ions whose velocity
distributions overlapped the field of view of the HERS sensor. They are the ions picked up
by the mass-loaded solar wind which, at cometocentric distances >40,000 km, still had a
flow speed exceeding 10 km/s relative to the comet nucleus. As the spacecraft approached
the comet, the density of the hot ions reached a maximum of ~150 cm-3 near 75,000 km,
and then declined as the hot ions were replaced by cold ions due to collisions with the
cometary neutral gas. The hot-ion population was too small to be detected by the IMS by
the time the spacecraft reached 40,000 km. This is consistent with the findings of other
instruments on Giotto; Krankowsky et al. (1986), for example, reported that evidence for
energetic ions persisted in to ~40,000 km from the nucleus, and Korth et al. (1987)
reported high temperatures and broad ion distributions outside 43,000 km. Density or flux
profiles of the cold ions in the inner coma have been published by Balsiger et al. (1986,
1987a), Balsiger (1990), Schwenn et al. (1987), Kettmann et al. (1990), Korth et al.
(1987), and Krankowsky et al. (1986).

The circles and diamonds in Figure 3 show the 6-minute average densities of
protons and ions with m/q = 2 amu/e, respectively, from Tables 1 and 2 plotted versus
distance from the comet. Although inside 200,000 km Hj* contributed to the density of
ions with m/q ~ 2 amu/e (Fuselier et al., 1988), at greater distances the m/q = 2 amu/e
population consisted almost entirely of He+* ions from the solar wind. The measured
number-density ratio ny/nj ranged from 0.02 to 0.04, which is quite typical for the low-
speed solar wind near interplanetary sector boundaries, such as that observed at the Giotto

encounter with P/Halley. Fuselier et al. (1990) consider the ion abundances in the solar
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wind and the charge-exchange reactions of solar wind ions with the coma gas in much
greater detail. The continuous curve shown in this figure is disussed in the following

section. The jump in proton and He** densities at the Halley bow shock is indicated by the

vertical line at 1.14x105 km.

The dashed vertical line in Figure 3 at 1.35x105 km marks the crossing of a
discontinuity that has been called both the "cometopause" and the "magnetic pileup
boundary"”. Whatever its proper name, its most striking feature was a sudden jump in the
strength of the magnetic field from ~10 to ~30 nT (Neubauer et al., 1986). It is clear that
on the scale of Figure 3 (one point per 25,000 km), the magnetic pileup boundary marked a

sharp decrease in the density of solar-wind ions.

In Figure 4, the circular symbols repeat portions of the proton and m/q = 2 amu/e
data from Figure 3 and also show the densities of the other ion species listed in Tables 4-
13. The principal difference between the formats of Figures 3 and 4 is that in Figure 4 the
distance scale is logarithmic and corresponds to a smaller range -- from 25,000 to 250,000
km (log distances = 4.4 - 5.4, respectively). The dashed vertical line again locates the
magnetic pileup boundary; the bow-shock would be located off-scale to the right. Again,

discussion of the continuous curves is postponed to the following section.

The distance profiles of the cometary ions (m/q = 12 - 32 amu/e) were markedly
different from those of the solar wind ions. The density of each species of hot cometary
ion reached a maximum between 60,000 and 100,000 km (log distance = 4.8 - 5.0), and
each of their distance profiles had roughly the same shape. Inside the maxima, the hot ions
were removed by collisions. Outside the maxima, the densities of the hot cometary ions
continued to decrease with ihcreasing distance, barely reacting to the magnetic pileup

boundary at all.
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Figure 5 displays several ratios of ion densities as a function of distance from the
comet in the same format as Figure 4. Again, please ignore the continuous curves untl the
next section. The increases in the ratios nijg/nig, n17/n1g, and n12/(nzg + n2g) with distance
and the decrease in ny3/n12 are consistent with expectations of the breakup of molecules
into smaller molecules and atoms. The principal reason for the steep rise in n2/nig with

distance is the increasing amount of solar wind He**.

The horizontal line in the panel displaying the ratio nj3/n)2 indicates the value of the
ratio that would be observed if all the m/q = 13 amw/e ions were 13C* and if the ratio of
12¢/13C = 63, as reported by Wyckoff and Lindholm (1989) from ground-based

observations of 13C14N in comet Halley. The observed ratio is above that line, which

indicates the presence of CH* ions.

V. COMPARISON TO THE THEORETICAL MODEL OF SCHMIDT ET AL.

The most ambitious model of the physics and chemistry of cometary ions is that of
Schmidt et al. (1988); we shall hereafter use the acronym SWHB to refer to that paper and
model. SWHB produced hydrodynamic and magnetohydrodynamic simulations of the gas
and plasma flow around Halley's comet with a detailed photo and chemical reaction
network (19 different processes) of 59 neutral and 76 ionized chemical species. Their
model assumed that all cometary gas was released directly from the nucleus and did not
include dust which is known to be a distributed source of gas (e.g., Eberhardt et al.,
1987). The model assumes a composition of 80.0% Hz0, 8.0% CO, 3.0% CO,, 2.0%
CHy, 2.0% NH3, 2.0% HCO, 1.0% CS7, 0.68% N3, 0.67% CzH3, 0.05% H,C3Hy,
0.30% H,CO», 0.16% CH3CN, 0.08% NH,CH3, and 0.06% HCN. SWHB calculated

the densities of different ion species expected along the Giotto trajectory, using gas
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production rates and solar wind parameters appropriate to the time of the Giotto encounter

with P/Halley. Their densities and density ratios are indicated by the continuous curves in

Figures 3 through 5.

From Figure 3, it can be seen that outside the magnetic pileup boundary the
observed proton density profile is in fairly good agreement with the SWHB model. The
disagreement inside the magnetic pileup boundary can be qualitatively accounted for by the
fact that the SWHB curve represents the total (both hot and cold) proton density. Although
the SWHB model shows substantial cooling of the ions inside 105 km, it has no
discontinuous jump in temperature anywhere between the contact surface (also called the
ionopause or the diamagnetic cavity boundary) observed at 4700 km (Neubauer et al,,
1986) and the bow shock. The calculated position of the bow shock (slightly beyond the
end of the curve plotted in Figure 3) is slightly farther from the comet than was the

observed shock.

The center panel in the top row of Figure 4 compares the model to the observed
densities of ions with m/q = 2 amu/e. SWHB did not include solar-wind helium ions in
their model; this explains why the model profile drops while the observed density rises
with increasing distance. In SWHB, ions with m/q = 2 amu/e are entirely Hy*, while the
observations show a mixture of Ha*+ and He*+ with an increasing proportion of Hz* closer
to the comet (Fuselier et al., 1988). What is interesting is that inside the magnetic pileup

boundary, the sum of the observed Hz* and He*+ is less than the SWHB density for Hp*

alone.

The remaining panels in Figure 4 show that all other ion species had significantly
higher densities than predicted by the simulation, The differences often exceed an order of

magnitude. The observational profiles are generally much more concave downward than



are the SWHB profiles. At small distances, the difference is caused by collisional cooling
of the hot ions which removes them from the HERS field of view. For many species (i.e.,
m/q = 16, 17, 18, 28, and 29 amu/e) the observed slope at large distance is steeper than the
slope predicted by SWHB; no simple reason for this discrepancy is apparent. Outside the
magnetic pileup boundary, each of these species dropped off more rapidly than r-2.

Figure 5 shows excellent agreement between the data and the SWHB model for the
ratios njg/nig and nj7/n;g, indicating that the simulaton does a good job of modeling the
dissociation and ionization of water molecules and their products. The ratio of nj2/n1g
indicates that the model underestimates the relative amount of carbonaceous material. The
fact that the observed value of the ratio nj3/(n2g + n2g) is greater than the model value of
this ratio probably indicates that the missing carbonaceous material is not entirely additional
CO. The SWHB model does not include any 13C, which can accounf for some of, but not
all the mismatch between the observed and calculated values of n13/n12. Because the
photodissociation lifetime of CH molecules is only 100 s, the source of the CH* is not

obvious.

The ratio n14/nj¢ is also higher than that given by SWHB, by about the same factor
as the njo/ny¢ ratio. The ion peak at m/q = 14 amu/e, however, has contributions from
both N* and CHz*, so it is not safe to conclude that the comet must have more nitrogen-

bearing material than was included in the SWHB model.
V1. DISCUSSION

HERS did detect most of the ions expected to be found in the coma of comet
Halley. The HERS mass/charge spectra had peaks corresponding to each of the ions
detected spectroscopically from Earth (C*, CH*, NH*, OH*, H,0+, CN+, CO*, No+,

15
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Ca+, and CO2*) except for those heavier than the 35 amu/e range of the instrument. It was
no surprize that water-group ions were found to be the most abundant. It is, perhaps,
surprizing that the densities of both Na+ and Ca+ were below the detection threshold,
especially in light of the observation of a major peak at m/q = 23-24 amu/e in the ion
spectra obtained by the ICE spacecraft at P/Giacobini-Zinner (Ogilvie et al., 1986). Ip
(1989b) has argued that the expected density of Na* (m/q = 23 amu/e) is > 10-3 times the
density of water-group ions, which is close to the detection limit of HERS. Detection of
ions with m/q = 23 and 24 amu/e in the inner coma (i.e., in the cold-ion region) of P/Halley
has been reported by Krankowsky et al. (1986) and Eviatar et al. (1989).

One of the principal conclusions of the present study is that the density of cometary
ions in the distance range 40,000 to 250,000 km is at least an order of magnitude higher
than the predicted density. This discrepancy had previously been noted by Ip (1989a) on
the basis of preliminary values of ion density. Furthermore, the problem is not unique to
the SWHB model. For example, the calculation by Ip (1989b) shows a similar disparity
The density of protons is, however, in good agreement with the models. Thus, we can
rule out compression of the plasma as the cause of the high density of cometary ions,
because the solar-wind protons would have been compressed too. Another argument
against significant compression is that the strength of the magnetic field was significantly
less than predicted by the model outside the magnetic pileup boundary and roughly the
same as the model field inside it (Huebner et al., 1989).

Ip (1989b) and Marconi and Mendis (1988) have suggested that the solar EUV flux
at the time of the Giotto encounter may have been significantly greater than the typical
solar-minimum values assumed in the models. But Ip (1989b) has argued that even an
order-of-magnitude increase in solar EUV would not lead to an order-of-magnitude

increase in the ionization rate because of the importance of other mechanisms for creating
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cometary ions, such as charge exchange with the solar wind. Furthermore, there is not

necessarily a direct relation between ion density and ionization rate.

Perhaps the models underestimate the rate of ionization associated with charge-
exchange reactions. The results of the study by Shelley et al. (1987) were consistent with
an anomalously high charge-exchange rate of He**. There are several effects associated
with charge exchange that have not been included in the models. (1) The velocity
dependence of the charge-exchange cross sections was neglected, but it is known that the
cross sections increase with decreasing velocity. (2) The SWHB model does not include
ionization by or other effects of the fast neutral products of charge-exchange interactions.
Ip (1990) has shown, however, that energetic neutral atoms can play an important role in
the physics of the coma. (3) In the models, the term accounting for the source of cometary
ions due to charge exchange is appropriate for an unmagnetized plasma. It does not inciudc
the greater path length traversed by a hot ion which gyrates around the magnetic field. (4)
The flow field and the relative velocity between the solar wind and cometery neutrals may
differ from that in the models. A comparision of the observed velocities with those

predicted by various models is the topic of a future study.

There may have been other sources of "anomalous ionization", which was a topic
of great interest many years ago. For example, tail currents closing through the inner coma
could be an important source of ionization; Ip (1979) has drawn an analogy with energy
deposition during terrestrial substorms. Along this line, Neubauer (1988) suggested that a
possible cause of a weak shock observed by the Giotto magnetometer to be propagating
radially outward at a distance of ~5000 km might have been caused by a transient injection
of hot ions and electrons following magnetic merging in the tail. There are also other
spacecraft observations that have been interpreted as evidence for field-line reconnection on

the dayside of Halley's coma (Verigin et al., 1987; Kirsch et al., 1989). It is questionable
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whether such processes could contribute to the level of ionization on the large scale

observed.

Another type of anomalous ionization that has been suggested in connection with
comets is the critical ionization velocity (CIV) effect (Formisano et al., 1982; Galeev et al.,,
1986). In this effect, first postulated by Alfvén (1954), the kinetic energy of the relative
flow of a neutral gas across magnetic field lines is collisionlessly transferred to the plasma
electrons which then collide with and ionize the gas. The difficulty with invoking CIV to
explain the anomalous ionization observed by HERS is the absence of a simultaneous large
flux of energetic electrons. The RPA instrument on Giotto had a 10-eV threshold for
detecting electrons; it did detect anomalously high fluxes of keV electrons in the so-called
"mystery region” at distances from the nucleus between 550,000 and 850,000 km (Reme et
al., 1987), but the HERS energy range and sensitivity threshold prevented observations of
cometary ions at those distances. The RPA investigators have estimated that even in the
sharpest spikes of energetic electron fluxes observed in the mystery region, the rate of
ionization due to electron impact was less than twice the photoionization rate (R. P. Lin,
personal communication). Such relatively weak and localized sources of ionization

probably cannot account for the higher than expected ion densities.

It also cannot be ruled out that temporal variation or anisotropic emission of gas
from the comet might have contributed to the excess ionization. Approximately 1 day is
required for the neutral gas to travel each 105 km from the nucleus. Thus the gas and ions
observed at 2x107 ki left the nucleus approximately a day earlier than the gas and ions
detected at 1x10° km. IUE observations by Feldman et al. (1987) showed a 25% decrease
in brighmess during the day prior to the Giotto closest approach to P/Halley. The ground-
based observations by Millis and Schleicher (1986), on the other hand, showed very little

change in the comet's gas production rate over this same interval.



The ratios of the densities of different ion species put important constraints on
cometary chemistry. Comparison of the density ratios n/nig and np7/nig to ratios
computed from the SWHB model might suggest that the major chain of dissociation and
jonization of water is well understood. One major discrepancy between observations and
the model is the overabundance of C* and the higher than predicted ratios of nj3/ni2,
n14/ny6, and n12/(n2g + n2g). One suspects that the extra carbonaceous material probably
originated in the CHON grains (Kissel et al., 1986) which were a distributed source of gas
in the coma (Eberhardt et al., 1987), whereas SWHB did not include any source other than
the comet's surface. The underabundance of H2* compared to the model is a much more

difficult problem which requires detailed chemical modeling to understand.

Comparison of the SWHB model and the HERS data shows that the model requires
iteration before the molecular composition of the volatiles in the nucleus can be deduced.
The discrepancy seems to be both of a physical and chemical nature because neither the

total nor the relative ion abundances predicted by the model fit the data.

Finally, we wish to comment on the implications of the HERS density data for the
nature of the magnetic pileup boundary. That feature was marked by sudden changes in the
density of solar wind protons and alphas, in the strength of the magnetic field, and in the
density of electrons with energy >10 eV (Reme et al., 1987). Its magnetic structure was
consistent with that of a tangential discontinuity (Neubauer, 1987). As pointed out
previously (Balsiger et al., 1987a; Balsiger, 1990; d'Uston et al., 1987), it was not
accompanied by a discontinuous change in either the density or the chemical composition of
hot cometary ions. Thus it was not a "chemical boundary" as proposed by Gringauz et al.
(1986) on the basis of observations of a discontinuity in a similar region of the coma by the

Vega spacecraft. The HERS data support the conclusion of Raeder et al. (1989) that the
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magnetic pileup boundary observed by Giotto was not an intrisic feature of the interaction
of an active comet with the solar wind, but rather a response to the passage of an
interplanetary discontinuity of a type commonly observed near magnetic sector boundaries

in the solar wind.
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TABLE !. m/q = 1. (Quality = 1)

TABLE 2. m/q = 2. (Quality = 1)

21

Decimal Hrs Distance (km) Density
(cm-3)

18.550 0.135E+07 6.90
18.650 0.133E+07 7.14
18.750 0.130E+07 7.75
18.900 0.127E+07 7.83
19.050 0.123E+07 8.13
19.150 0.121E+07 8.30
19.250 0.118E+07 7.20
19.350 0.116E+07 6.59
19.450 0.113E+07 9.18
19.550 0.111E+07 10.07
19.650 0.108E+07 10.36
19.750 0.106E+07 12.09
19.850 0.103E+07 11.48
19.950 0.101E+07 11.80
20.050 0.985E+06 12.43
20.150 0.960E+06 10.64
20.250 0.935E+06 10.08
20.350 0.911E+06 9.64
20.450 0.886E+06 13.34
20.550 0.861E+06 16.21
20.650 0.837E+06 - 15.94
20.750 0.812E+06 19.27
20.850 0.788E+06 16.73
20.950 0.763E+06 16.93
21.050 0.738E+06 16.44
21.150 0.714E+06 17.52
21.250 0.689E+06 18.15
21.350 0.665E+06 16.43
21.450 0.640E+06 13.59
21.550 0.615E+06 14.42
21.650 0.591E+06 14.47
21.750 0.566E+06 13.52
21.850 0.542E+06 13.04
21.950 0.517E+06 12.67
22.050 0.492E+06 13.02
22.150 0.468E+06 13.75
22.250 0.443E+06 13.63
22.350 0.418E+06 13.45
22.450 0.394E+06 13.07
22.550 0.369E+06 11.99
22.650 0.345E+06 11.14
22.750 0.320E+06 9.23
22.850 0.295E+06 9.32
22.950 0.271E+06 10.12
23.050 0.246E+06 10.63
23.150 0.222E+06 9.93
23.250 0.197E+06 8.85
23.350 0.172E+06 7.94
23.450 0.148E+06 6.57
23.550 0.123E+06 2.34
23.650 0.985E+0S5 3.52
23.750 0.738E+0S 2.62
23.850 0.492E+05 0.86
23.950 0.246E+05 0.40
24.000 0.123E+05 0.20

Decimal Hrs Distance (km) Density
(cm -3)
18.550 0.135E+07 0.18
18.650 0.133E+07 0.20
18.750 0.130E+07 0.19
18.900 0.127E+07 0.20
19.050 0.123E+07 0.20
19.150 0.121E+07 0.18
19.250 0.118E+07 0.15
19.350 0.116E+07 0.14
19.450 0.113E+07 0.29
19.550 0.111E+07 0.29
19.650 0.108E+07 0.30
19.750 0.106E+07 0.26
19.850 0.103E+07 0.36
19.950 0.101E+07 0.37
20.050 0.985E+06 0.35
20.150 0.960E+06 .0.30
20.250 0.935E+06 0.32
20.350 0.911E+06 0.28
20.450 0.886E+06 0.41
20.550 0.861E+06 0.46
20.650 0.837E+06 0.61
20.750 0.812E+06 0.76
20.850 0.788E+06 0.62
20.950 0.763E+06 0.58
21.050 0.738E+06 0.56
21.150 0.714E+06 0.57
21.250 0.689E+06 0.60
21.350 0.665E+06 0.69
21.450 0.640E+06 0.60
21.550 0.615E+06 0.60
21.650 0.591E+06 0.63
21.750 0.566E+06 0.58
21.850 0.542E+06 0.45
21.950 0.517TE+06 0.37
22.050 0.492E+06 0.35
22.150 0.468E+06 0.40
22.250 0.443E+06 0.45
22.350 0.418E+06 0.41
22.450 0.394E+06 0.41
22.550 0.369E+06 0.38
22.650 0.345E+06 0.37
22.750 0.320E+06 0.32
22.850 0.295E+06 0.35
22.950 0.271E+06 0.35
23.050 0.246E+06 0.41
23.150 0.222E+30 0.39
23.250 0.197E+06 0.37
23.350 0.172E+06 0.28
23.450 0.148E+06 0.25
23.550 0.123E+06 0.12
23.650 0.985E+0S 0.12
23.750 0.738E+0S 0.07
23.850 0.492E+0S5 0.04
23.900 0.369E+05 0.05
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TABLE 3. m/q = 4 (Quality = 5)

Decimal Hrs Distance (km) Total Density
Time (s) | (¢cm-3)
22.116 0.476E+06 3150 0.014
22.616 0.353E+06 1800 0.016
22.949 0.271E+06 1200 0.015
23.116 0.230E+06 600 0.020
23.283 0.189E+06 600 0.015
23.449 0.148E+06 600 0.014
23.616 0.107E+06 600 0.024
23.783 0.657E+05 600 0.016
TABLE 4. m/g = 12 (Quality = 1)
Decimal Hrs Distance (km) Total Density
Time (s) | (¢cm-3)
23.087 0.237E+06 496 1.0
23.227 0.203E+06 512 1.1
23.372 0.167E+06 512 24
23.463 0.144E+06 128 3.6
23.498 0.136E+06 128 44
23.534 0.127E+06 128 5.0
23.569 0.118E+06 128 54
23.605 0.110E+06 128 5.1
23.640 0.101E+06 128 8.3
23.676 0.921E+05 128 9.3
23.711 0.834E+05 128 11.0
23.747 0.746E+05 128 10.4
23.782 0.660E+05 128 11.3
23.823 0.559E+05 160 6.6
23.867 0.450E+05 160 11.8
TABLE 5. m/g = 13 (Quality = 5)
Decimal Hrs Distance (km) Total Density
Time (s) | (cm-3)
23.534 0.127E+06 640 0.1
23.710 0.837E+05 640 0.4
23.867 0.450E+05 480 0.2
TABLE 6. m/g = 14 (Quality = 3)
Decimal Hrs Distance (km) Total Density
Time (s) | (¢cm-d)
23.300 0.185E+06 1056 0.3
23534 0.127E+06 640 04
23.710 0.837E+05 640 0.7
23.867 0.450E+05 480 0.2
TABLE 7 m/q = 15 (Quality = 5)
Decimal Hrs Distance (km) Total Density
. Time (s) | (em-3
23.534 0.127E+06 640 04
23.710 0.837E+05 640 1.1
23.867 0.450E+0S 480 08 |
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TABLE 8. m/q = 16 (Quality = 2)

Decimal Hrs Distance (km) Total Density
Time (s) (cm'3)
23.087 0.237E+06 512 38
23.227 0.203E+06 512 6.3
23.372 0.167E+06 512 13.0
23.463 0.144E+06 128 16.7
23.499 0.136E+06 128 20.4
23.534 0.127E+06 128 21.2
23.570 0.118E+06 128 17.7
23.605 0.110E+06 128 17.4
23.641 0.101E+06 128 23.5
23.676 0.921E+05 128 31.8
23712 0.832E+05 128 28.4 .
23.747 0.746E+05 128 29.8
23.782 0.660E+05 128 23.8
23.824 0.556E+05 160 8.7
23.868 0.448E+05 160 9.5
TABLE 9 _m/g = 17 (Quality = 2)
Decimal Hrs Distance (km) Total Density
Time (s) | (cm-3)
23.087 0.237E+06 512 22
23.227 0.203E+06 512 39
23.372 0.167E+06 512 8.7
23.463 0.144E+06 128 15.2
23.499 0.136E+06 128 14.0
23.534 0.127E+06 128 17.4
23.570 0.118E+06 128 21.2
23.605 0.110E+06 128 18.7
23.641 0.101E+06 128 27.6
23.676 0.921E+05 128 27.5
23.712 0.832E+05 128 31.8
23.747 0.746E+05 128 29.9
23.782 0.660E+05 128 26.8
23.824 0.556E+05 160 12.6
23.868 0.448E+05 160 13.7
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TABLE 10. m/q = 18 (Quality = 2)

Decimal Hrs Distance (km) Total Density
Time (s) (cm‘3)
23.087 0.237E+06 512 0.6
23.227 0.203E+06 512 1.6
23.372 0.167E+06 512 57
23.463 0.144E+06 128 12.7
23.499 0.136E+06 128 11.8
23.534 0.127E+06 128 13.8
23.570 0.118E+06 128 15.1
23.605 0.110E+06 128 20.2
23.641 0.101E+06 128 28.6
23.676 0.921E+05 128 27.6
23.712 0.832E+05 128 33.9
23.747 0.746E+05 128 38.3
23.782 0.660E+05 128 43.9
23.824 0.556E+05 160 17.2
23.868 0.448E+05 160 32.1
TABLE 11. m/g = 28 (Quality = 4)
Decimal Hrs Distance (km) Total Density
Time (s) | (cm-d)
23.302 0.184E+06 1016 2.6
23.499 0.136E+06 380 7.4
23.677 0.918E+05 380 20.5
23.810 0.591E+05 396 12.1
TABLE 12. m/q = 29 (Quality = 5)
Decimal Hrs Distance (km) Total Density
Time (s) | (cm-3)
23.302 0.184E+06 1016 0.8
23.499 0.136E+06 380 37
23.677 0.918E+0S 380 59
23.810 0.591E+05 396 2.7
TABLE 13. m/g = 32 (Quality = 3)
Decimal Hrs Distance (km) Total Density
Time (s) | (cm-d)
23.302 0.184E+06 1016 2.0
23.499 0.136E+06 380 47
23.677 0.918E+05 380 8.8
23.810 0.591E+05 396 6.7
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FIGURE CAPTIONS

Fig. 1. Total counts, after correction for background, versus mass-anode number for the
time (distance) interval 2301 - 2353 UT (254,000 - 39,600 km). Only those counts in the
two elevation-angle bins closest to the spacecraft ram direction are included. The heavy
and medium mode data are plotted separately. The numbers over the count-rate spectra
indicate the mass/charge values of each of the peaks. The background correction averaged

about 30 counts/anode.

Fig. 2. Dlustration of a least-squares fit of the countrate vs mass-anode spectrum for m/q =
16, 17, and 18 amu/e. The observed counts are indicated by circles; the solid curve is the
least-squares fit; and the dotted curves indicate the contributions of the individual m/q peaks
to the fit. The fitting procedure solved for 3 parameters (the heights of the peaks with m/q
=16, 17, and 18 amu/e, respectively) which gave the best fit to the 10 measured points.

The time (distance) interval for the data displayed here was 23.372 UT (167,000 km).

Fig 3. Observed densities of protons (circles) and ions with mass/charge = 2 amu/e
(triangles) versus distance. The continuous curve indicates the proton density from the

model of Schmidt et al. (1988). The vertical dashed line marks the location of the magnetic

pileup boundary.

Fig. 4. Density versus log distance profiles for ions with 12 different values of
mass/charge. The circles represent the hot-ion densities observed by HERS. The
continuous curves show the densities from the model of Schmidt et al. (1988). The vertical

dashed line marks the location of the magnetic pileup boundary.
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Fig. 5. Ratios of the densities of ions with different values of mass/charge versus log
cometocentric distance. The circles represent the hot-ion densities observed by HERS.
The condinuous curves show the densities from the model of Schmidt et al. (1988). The

vertical dashed line marks the location of the magnetic pileup boundary.
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Giotto Ion Mass Spectrometer/High Energy Range Spectrometer (IMS/HERS)

observations of solar wind ions show charge exchange effects and solar

T

wind compositional changes in the coma of comet Halley. As the comet was
approached, the He?? to proton density ratio increased until about 1 hour
before closest approach after which time it decreased. Abrupt increases in
this ratio were also observed in the beginning and near the end of the so-
called Mystery Region (8.6 to 5. 5x10° km from the comet along the space-
craft trajectory). These abrupt increases in the density ratio were well
correlated with enhanced fluxes of keV electrons as measured by the Giotto
plasma electron spectrometer. The general increase and then decrease of
the He?t to proton density ratio is quantitatively consistent with a com-
bination of the addition of protons of cometary origin to the plasma and
loss of plasma thr;)ugh charge exchange of protons and He?*. In general
agreement with the solar wind proton and Helt observations, sclar wind
oxygen and carbon ions were observed to charge exchange from higher to
lower charge states with decreasing distance to the comet. The more abrupt
increases in the He?t to proton and the He?* to 067 density ratios in the
mystery region require a change in the solar wind ion composition in this
region while the correlation with energetic electrons indicates processes

associated with the comet.

INTRODUCTION

Soon after the spacecraft encounters with comet Halley, it was reported that a consid-
erable amount of solar wind He?t was charge exchanged to He' in the comet coma {Balsiger
et al., 1986; Shelley et al., 1986]. Specifically, it was reported that inside the mag-
netic pile-up boundary (1.35 x 103 km from the nucleus along the Giotto trajectory),

over 30% of the solar wind He?* distribution was charge exchanged to He¥. This result



is illustrated in Figure 1, which shows the time profile of the ratio of M/Q=4 to He?™

+ M/Q=4 densities. This time profile is similar to the one reported by Shelley et al.
[1986, Figure 3] except that here, the contribution of cometary H2+ to the M/Q=2 mass
peak has been removed (see Fuselier et al. [1988]). Because of the relatively high con-
centrations, the M/Q=4 mass peak is thought to contain mainly Het charge exchanged from
solar wind He?" near the comet (within 10® km from the nucleus), Figure 1 is expected to
reasonably represent the fraction of charge exchanged solar wind He?t as a function of
distance fromthe comet along the Giotto spacecraft trajectory. This figure clearly
shows that the charge exchanged fraction increased rather abruptly from <10% to over
40% after the magnetic pile-up boundary (MPB). (Model results will be discussed in a
later section.)

Solar wind ion charge exchange with cometary neutrals in the comet coma was predicted
prior to the spacecraft encounters with comet Halley [e.qg., Ip and Axford, 1982]. How-
ever, charge exchange effects were expected to be important at distances less than
about 104 kxm from the nucleus along the comet-sun line for a Halley-type comet [Ip and
fisieh, 1982]. The observations of significant charge exchange of solar wind He?' at the
magnetic pile-up boundary (Figure 1) correspond to a distance that is approximately an
order of magnitude further from the comet nucleus than predicted.

Thus far, direct observations of charge exchange of solar wind ions have been limited
to charge exchange of He?* to He' in the comet Halley coma and possibly considerably
tailward of the nucleus [Milhalov et al., 1987]. Although the Vcharge exchange cross
section for He?* in H,0 is not known, it is probably on the order of 3x10-16 cm? for
typical He?* energies near the magnetic pile-up boundary [Fite et al., 1962; Koopman,
1968]. Cross sections for other solar wind minor ions (e.g. 0%, 08%, etc.) in HpoO are
also poorly known; however, they may be as much as an order of magnitude larger than that
for He?* and nearly equal to the cross section for H' in HpoO [Koopman, 1968; Spjeldvik,

1979). Since such a large fraction of He?t is charge exchanged in the vicinity of the
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magnetic pile-up boundary (Figure 1), it follows that an even larger fraction of other
solar wind ions should be charge exchanged in that region of the comet Halley coma. The
larger cross sections of these other solar wind ions should also result in observable
charge exchange effects further from the comet.

In this paper, we present observations of solar wind electrons and ions in the coma of
comet Halley. These observations have potentially important consequences for charge
exchange near the magnetic pile-up boundary and other locations throughout the comet
Halley coma.

Ton observations in this paper were from the Giotto Ion Mass Spectrometer/High Energy
Range Spectrometer (IMS/HERS) [Balsiger et al., 1987). This instrument cycled through
four modes during the Halley encounter. The two modes of interest here measured the
three dimensional velocity distributions of protons and solar wind ions with mass per
charge (M/Q)=2 to 4 amu/e. Each individual mode required four seconds (one spacecraft
spin) to complete an energy and angle scan and the modes were repeated sequentially ev-
ery 16 seconds. The field-of-view of this instrument extended from 15 to 75° relative to
the spacecraft spin axis (which was also approximately the spacecraft velocity vector
relative to the comet) and ion energies from 10 eV/e to ~4 keV/e were measured.

For protons and He2+, the moment calculations have been revised from previous work
to include an estimate of the percentage of ions cutside of the HERS field-of-view.

In this procedure, the distribution was assumed to be gyrotropic in the plasma rest
frame and the measured phase space density at each velocity and pitch angle was weighted
by the inverse fraction of phase space sampled at that pitch angle. This procedure

gave reliable estimates of the density as long as the bulk of the distribution was in
the field-of-view. For protons and He2+, the bulk of the distribution was in the HERS

field-of-view from upstream of the shock (~10% km) to well inside the magnetic pile-up

boundary (~104 km) [{Goldstein et al., 1991].



Electron observations in this paper were fromthe Electron Electrostatic Analyzer
(RPA1-EESA) [Réme et al., 1986]). This instrument measured a full 3-dimensional elec-

tron distribution from 10 eV to 30 keV every 2 seconds. Here, 4 second averages of these

data were used.

OBSERVATIONS

Figure 2 shows the M/Q=2 to proton density ratio at 64 s resolution from 1830 UT to
near closest approach to the comet. The distance to the comet along the spacecraft
trajectory is shown above the density ratio profile and some of the major regions and
boundaries are shown in the figure. The dashed line in this fiqure will be discussed in
detail in the model section.

Upstream from the shock (1830-1922 UT), the M/Q=2 mass peak is dominated by solar wind
He?*t and the M/Q=2 to proton density ratio shows rapid fluctuations ranging from1l.8 to
3.8%. These fluctuations are due in part to M/Q=2 counting statistics and the fact that
the M/Q=2 ions were systematically measured 4 s before the protons. The magnitude of
the fluctuations gives some indication of the uncertainty in the measured density ratio
in this region. Downstream from the shock (1922 - 2400 UT), the average density ratio
increases from about 2.5% to ~4% before decreasing near closest approach. More abrupt,
longer lasting deviations are superposed on this trend with the two most notable devia-
tions occurring at the beginning and near the end of the mystery region. After 2310 UT,
both the M/Q=2 distribution and the proton distribution are contaminated by a substan-
tial fraction of cometary ions. The M/Q=2 mass peak contains a significant fraction of
cometary H2+ (Fuselier et al., 1988] and the proton peak contains a significant frac-
tion of cometary pick up protons. While it would be extremely difficult to separate the
cometary and sclar wind protons, the slight difference in the mass per charge of solar
wind He?* and cometary H2+ has been used to separate these two species [Fuselier et al.,

1988]. Using the density estimates for solar wind He?* inside 2310 UT from Fuselier et



al., 5min averages of the He?t to proton density ratio are shown by the filled circles
connected by the solid line in Figure 2. As can be seen, the He?t to proton density ratio
actually reaches a peak at about 2310 UT and decreases significantly thereafter.

In addition to protons and He2+, the Giotto IMS/HERS sensor measured solar wind ions
in the mass per charge range from 2 to 4. Figure 3 shows two mass spectra fromM/Q=2 to 4
in the solar wind (upper panel) and near the comet (lower panel). Long averaging times
were required to obtain good counting statistics for solar wind ions other than He?™.
Plotted is the countrate multiplied by (M/Q) 4 normalized to the peak countrate as a
function of IMS/HERS mass channel. Error bars are one sigma based on counting statis-
tics only. The Y-axis is roughly proportional to flux relative to the M/Q=2 ion flux
(primarily He?* in the solar wind and a mixture of He?* and Hz* near the comet). In the
solar wind spectrum, the O7+, C5+, and Ne8+ fluxes are about 0.5% of the solar wind I-Iez+
flux while the 0% and c%* fluxes are about 1% of He?t . In addition, there is a rela-
tively small amount of M/Q=4 and slightly larger M/Q ions (probably of solar wind origin
and consisting mainly of si”* with contributions frommultiply charge iron ions).

The spectrum in the lower panel of Figure 3 near the comet shows considerable change
fromthe solar wind spectrum. Solar wind O7+, 06+, and Ne8+ fluxes are all reduced rela-
tive to the M/Q=2 flux. The most dramatic change occurs in the M/Q=4 flux. It is now well
above background at a few percent of the M/Q=2 flux.

Besides M/Q=2, the relatively good counting statistics for 06+, the second most abun-
dant solar wind minor ion, and M/Q=4 ions allow us to construct density profriles for
these ion species with the time resolution needed to distinguish some features in the
cometary coma. Figure 4 shows density profiles for these two ion species from the up-
stream solar wind to near closest approach. A variety of averaging intervals were used
based on counting statistics of the individual ion species. For example, one hour av-
erages were used in the solar wind and after 2200 UT and half hour averages were used be-

tween the shock and the end of the mystery region. Because of the 4 keV/e upper energy
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per charge cuto{‘.f of the IMS/HERS detector, a fraction of the higher mass per charge
sclar wind ion distributions were outside the energy per charge range of the instru-
ment. This energy per charge cutoff had the greatest effect on the M/Q=4 densities in
the solar wind, where the solar wind velocity was relatively high. Because mass load-
ing caused the solar wind velocity to decrease from about 400 km/s far from the comet

to near zero near the comet, the upper energy per charge cutoff of the HERS detector had
less effect on M/Q=4 densities closer to the comet. It is estimated that 47% of the dis-
tribution was above 4 keV/e from 1600-1700 UT, 20% from 1700-1800 UT and about 9% from
1800-1500 UT. After 1930 UT, the solar wind velocity had decreased enocugh so that a neg-
ligible amount of M/Q=4 solar wind ion distribution was above the 4 keV/e cutoff. For
other solar wind ions, such as ¢4t and 05+, the upper energy per charge cutoff had much
less effect on the density. It is estimated that less than 5% of the solar wind c?t and
0°% distributions were above the 4 keV/e cutoff from 1600-1700 UT. This percentage de-
creased as the comet wa;s approached.

Despite the long averaging times, some general trends can be seen in Figure 4. The 06+
density profile is similar to the proton and M/Q=2 density profiles [see Goldstein et
al., 1987; 1991]. Inparticular, it shows a factor of two increase in density between
2000 and 2200 UT associated with the mystery region. In contrast, The M/Q=4 density is
at detection threshold (~10-3 cm‘3) in the solar wind and increases sharply after 2200
UT [see also, Shelley et al., 1986].

Although the densities of other solar wind ions were extremely low, a general trend
towards lower charge states was seen in the comet coma. Table 1 lists density ratios for
Oxygen and Carbon charge states for the 2 hours prior to the crossing of the cometary bow
shock (~10® from the comet) and for the 2 hours before closest approach (~few x 10° km
from the comet) . Whereas the 0’/% to 06+ density ratio decreased with decreasing dis-
tance to the comet, the 0°% to 06* density ratio increased with decreasing distance.

Also, the c¥* to ¢t ratio increased with decreasing distance to the comet. Although
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the uncertainties are quite large, the general trend in Table 1 was toward lower charge

states as the comet was approached.

CHARGE EXCHANGE

The observations in Figures 1 through 4 and Table 1 are qualitatively consistent with
charge exchange of solar wind ions in the comet Halley coma. Figure 1 shows that Hel*t
was charge exchanged to Het as the comet was approached. Figure 2 shows a general in-
crease in the He2+ to proton density ratioc as the comet was approached. This density ra-
tio was affected by solar wind composition changes, addition of cometary protons, and
charge exchange losses. The addition of comeatry protons would cause the He?* to pro-
ton density ratio to decrease with decreasing distance to the comet. It is clear from
Figure 2 that the presence of cometary protons does not have an effect before 2310 uT,
when the density ratio began to decrease. The increase in the He?' to proton density ra-
tio from 1830 UT to 2310 UT could be due to a slow change in the solar wind composition
(i.e., unrelated to the presence of the comet). However, the slow change in composition
would not account for the increase in the M/Q =4 ion density (interpreted as He') as the
comet was approached (Figure 4). Charge exchange of HeZ* and protons can account for
the increase in the He?% to proton density ratio in Figure 2 since, as discussed in the
introduction, the charge exchange cross section for protons is believed to be ten times
higher than that for He2+ . Charge exchange of l'le‘?+ to He? .also accounts for the increase
in the M/Q=4 ion density as the comet was approached. Although there are several other
possible sources for the M/Q=4 mass peak (see Figure 3), the total density of the solar
wind ions between M/Q=2 to 4 is only a few percent of the He??t density. Therefore, these
ions cannot contribute significantly to the M/Q=4 ion density near the comet and the ma-
jor contribution to the M/Q=4 mass peak appears to be He' charge exchanged from solar

wind He?* (see also, Shelley et al., 1986]. Superposed on the charge exchange loss of
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He?t and protons are possible solar wind composition changes (for example from 2120 to
2150 UT in Figure 1) which will be discussed in more detail in the next two sections.
Figure 3 and Table 1 are also consistent with charge exchange as the comet was ap-
proached. In Figure 3, there is evidence for a loss of solar wind minor ions such as o/%
and Ne8* close to the comet. In Table 1, there is a general trend to lower oxygen and
carbon charge states as the comet was approached. Since all charge states of solar wind
oxygen have approximately the same charge exchange cross section [Spjeldvik, 1979],
the general trend to lower charge states indicates that multiply charged ions undergo

charge exchange as the solar wind approaches the comet.

MODEL FOR PROTON AND He<* CHARGE EXCHANGE

Unfortunately, the very low densities of the solar wind minor ions between M/Q=2 and
4 allowonly a qualitative comparison with predictions from solar wind ion charge ex-
change. However, the proton, M/Q=2, and M/Q=4 densities are large enough to allow some
quantitative comparison with predictions from solar wind ion charge exchange. Compar-
ison between the observations and a simple model for the solar wind interaction have al-
ready been made [Shelley et al., 1986]. Shelley et al. concluded that the helium obser-
vations in the comet coma were inconsistent with present models of the solar wind inter-
actionwith the comet. They suggested that model results and observations would be in
better agreement if the He?? to He't charge exchange cross section in H>0 was substan-
tially larger than the ~3x10-16 cm? assumed in their model and/or if the flow field in
the comet coma was substantially different than assumed in their model.

Given a cometary flow model, the ratio of the He?*t and proton densities can be deter-
mined along the Giotto trajectory. This ratio will depend on the ratio of the charge ex-
change cross sections of He?*t and protons and on the production rate of cometary HY from
H20. Since the proton charge exchange cross section in H>0 at the energies of interest

here is reasonably well known and the production of H can be modeled, the profile of the



He?t to proton density ratio is a function of the He2* charge exchange cross section. In
this section, we use a cometary flow model to predict the He?t to proteon density ratio
and compare this prediction to the observations. Through this comparison, we estimate
the charge exchange cross section for He?* in H»O.

The model charge exchange calculations were made using the procedure outlined in Ip
(1989]. The MHD flow dynamics of the comet-solar wind interaction were separated from

the photochemistry and the charge exchange process. In doing this, the continuity equa-

tion

d
Z’-(njv,'A) =q; — 9 (1)

o |

for the j** species can be integrated. Here, vj is the flow velocity along the stream
line, n; is the number density, q; is the production rate, s; is the loss rate, and A is
the cross section of the streamtube. The flow field model determines the values of v,
for each stream line and the cross section of the stream line. Here, we use the Fedder et
al. 2-D flowmodel (Fedder et al., 1986].

To compute the net production rate for cometary ut (qg~syx in Equation 1), we assume a
coma model of water vapor and its photodissociation fragments (OH, O, and H) . The pro-

duction rate for hydrogen ions is then given by,

(H) =n(H) (1/t:i+ Y njo, (H) <v;>) (2)
J

Here the ionization time (t;), which includes photoionization and charge exchange with
solar wind protons, is assumed to be 10® seconds. The cross section o (H) in the second
term refers to the interaction between HY and the neutral gas and <v,> is the root-mean-

square of the plasma flow speed v, and the thermal speed (6v,) of the j** species.
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The loss termin (1) is dominated by the charge exchange process. Although charge ex-
change cross sections for different reactions should vary with the flow speed, in the
present approximation we assume the the charge exchange rate for protons is constant
with energy.

The dashed line in Figure 2 shows the results from the model. In the model, the ini-
tial density ratio was 2.5%, the He?' charge exchange cross sectionwas o = 3x10-16 c¢m2,
and the H* charge exchange cross section was 5%x10-15 cm?. The general trend of the ob-

served density ratio is reproduced, indicating that the charge exchange cross section

for He?t is about a factor of 10 lower than that for HY. Increasing the Hel?t charge ex-

change cross section by a factor of 10 would result in a He?" to proton density ratio
that neither has an initial increase with decreasing distance nor has a decrease in the
last hour before closest approach.

Since the densities are computed individually in the model, the He® to total Helium
ion density ratio can be directly compared with the observations in Figure 1. The per-
cent charge exchanged Helt predicted from the model (solid line connected by x’'s in
Figure 1) is clearly in good agreement with the cbservations up to the magnetic pile-
up boundary. This is again consistent with a He?*t charge exchange cross section of
~3x10-16 cp?2 for this region. After the magnetic pile-up boundary, the predicted per-
centage is about a factor of 4 below the observed percentage.

Thus, while the general trend in Figures 1 and 2 are reproduced with the expected cross
sections, the model underestimates the density ratio in the mystery region and near the
magnetic pile-up boundary. and it also underestimates the percent charge exchanged
He?* near the magnetic pile-up boundary. In the next section, we address the discrep-
ancy between observations and predictions in the mystery region by considering why the

density ratio changes rather abruptly. The deviation between observations and predic-

tions is left for the final discussion secion.
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MYSTERY REGION

The mystery region is a region of increased density, increased flow speed, decreased
ion temperature, and increased electron temperature relative to the rest of the re-
gion downstream from the Giotto bowshock crossing [Goldstein et al., 1986; Réme et al. ,
1986; Réme, 1990]. Figure 2 also shows that the M/Q=2 to proton density ratio deviates
fromits relatively smooth, increasing trend in this region. In this section, we will
discuss the possible origins of these deviations and other properties of the mystery
region.

Figure 5 shows the density profiles for electrons from10 eV to 3.5 keV, protons, M/Q=2
ions (primarily solar wind He?™) , solar wind 06+, and electrons from 0.8 to 3.5 keV. The
proton and electron density profiles in the top two panels show both qualitative and
quantitative agreement throughout this time interval. The mystery region extends from
the sharp density increase at 2022 UT to the sharp decrease in the M/Q=2 ion density and
the 0.8 to 3.5 keV electron density at 2152 UT.

The horizontal bars in Figure 5 show the time intervals when the M/Q=2 to proton den-
sity ratio in Figure 2 deviated from its smooth trend. Of particular interest is the in-
terval from 2115 to 2150 UT. As can be seen in Figure 5 at 2120 UT, the increase in the
M/Q=2 to proton density ratio in Figure 2 is associated with a drop in both the elec-
tron and proton number densities. The M/Q=2 number density did not decrease from 2115
to 2125 UT, in fact, it increased somewhat. The net result was an abrupt increase in the
M/Q=2 to proton density ratio. It is also interesting to note that the changes in the
M/Q=2 to proton density ratio in the period from 2115 to 2150 UT are associated with a
decrease in the solar wind 06+ density and an increase in the electron density above 800
eV (see the bottom two panels in Figure 5). The half hour averages of the 0+ density do
not allow us to determine if a similar decrease in that density is associated with the

first interval of increased M/Q=2 to proton density ratio from 2013 to 2021 UT. However,
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it is clear that the increase in the M/Q=2 to proton density ratio is associated with in-
creased electron density above 800 eV from 2037 to 2105 UT. The energetic electron den-
sity increases in the mystery region are unique. From the bow shock to the mystery re-
gion and after the mystery region to closest approach, the energetic electron density

was ~3-4x10-% cm~3 (see Figure 5 from 2000 to 2040 UT and Réme et al. [1986]).

DISCUSSION

In most regions of the comet Halley coma, we have attempted to interpret the IMS/HERS
observations in terms of charge exchange with cometary neutrals. The increase in the
He' density with decreasing distance to the comet in Figure 1, the general increasing
M/Q=2 to H' density ratio in Figure 2, and the trend to lower charge states for multiply
charged Oxygen and Carbon in Table 1 are all considered as evidence for this charge ex-
change process.

While we can find substantial qualitative eyidence for charge exchange in the comet
Halley coma, quantitative comparisons >etween the observations and predictions from
cometary models is clearly lacking in the mystery region and the region near and inside
the magnetic pile-up boundary.

To the properties of the mystery region that have been known previously [e.g., Gold-
steinet al., 1986; Réme et al., 1990], we add that there are solar wind composition
changes in parts of this region. The He® to proton densitly ratio shows two deviations
in its increasing trend in this region (see Figure 2). The second of these deviations
occurs within the last 30 minutes of the mystery region and is associated with a de-
crease in the proton density and a possible slight increase in the M/Q=2 density (see
Figure 5). Also, it i3 associated with a decrease in the o+ density and the largest

fluxes of energetic electrons observed during the encounter.

The general increase in all solar wind ion densities and the change in the He?* to pro-

ton density ratio are strong indicators that the mystery region is dominated by solar

13



wind plasma with different characteristics fromthe plasma in other parts of the coma.
While it is tempting to interpret this region as simply a separate solar wind plasma
that has convected into the Halley coma, the observation of keV electrons in this re-
gion indicates that there is also an additional interaction related to the presence of
the comet. It is also interesting to note that the second increase in the He4t to proton
density ratio (from 2115 to 2150 UT in Figure 5) results primarily from the decrease in
the proton density and there is a simultaneous decrease in the 06+ density. As pointed
out in the introduction, H* and O6+ both have charge exchange cross sections that are an
order of magnitude larger than that for He?* . This observation suggests that enhanced
charge exchange may be occurring in the parts of the mystery region where the He?*t to

gt density ratio is elevated and keV electrons are present. The possible causes of this
enhanced charge exchange and the relation, if any, with the keV electrons are not known
at this time. Also, it has been noted that the transition from the mystery region back
into lower density plasma (at 2150 UT in Figure 5) may have been seen by other spacecraft
that encountered comet Halley and by the Iternational Cometary Explorer (ICE) space-
craft at comet Giacobini-Zinner (Réme et al., 1986; Réme, 1990].

Thus, while the observations in Figures 2 and 5 indicate that the mystery region is
likely a separate solar wind plasma that ﬁas convected into comet coma, some of the fea-
tures in this region and possibly its boundaries indicate that additional and different
interactions between this plasma and the comet coma are taking place.

Another important region where the cometary models fail to predict the amount of
charge exchange is the region from 2310 UT to closest approach, or the region near and
inside the magnetic pile-up boundary. Figure 1 shows that the amount of charge ex-
changed Hel* to Het increases dramatically across the magnetic pile-up boundary. This
amount is much larger than that predicted by previous models [Shelley et al., 1986) and

by the model used in this paper. In addition, the predicted Hel* to HY density ratio is

clearly too low (Figure 2).
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The difference between the predicted and observed density ratios indicates that ei-
ther there is too little He?*¥ or too much HY present in the vicinity of the magnetic
pile-up boundary. As pointed out by Shelley et al. [1986] the sharp increase in the per-
cent charge exchanged He?% at the Magnetic Pile-up Boundary (Figure 1) is not the result
of a rapid increase in the Het density but a rapid decrease in the He¢? density. These
results taken together suggest that the charge exchange of Hel* relative to HY is under-
estimated in the cometary models. An overestimate of the the production of cometary HY
could also help explain the differences between predictions and observations in Figure
2 in the vicinity of the Magnetic Pile-up Boundary but obviously do not affect the re-
sults in Figure 1.

A possibility already discussed by Shelley et al. [1886] is that the He?* cross sec-
tion could be about a factor of 3 to 10 times larger than the 3%x10-16 cm? value used in
the models. This is clearly not the case prior to 2310 UT, where the predicted density
ratiousing this cross section agrees well with the observations. One possibility is
that the cross section for He?t increases with decreasing energy faster than that for
HY. (The H' cross section has been shown to increase with decreasing energy for ener-
gies below 100 eV [Koopman 1968).) Armed with such a free parameter, the density ra-
tio profile in Figure 2 could be reproduced exactly, but the understanding of the den-

sity ratio decrease after 2310 UT would not be improved. Also, this possibility would
not explain the rather abrupt increase in the percent charge exchanged He?" in Figure
1 because the He?t flow velocity decreases smoothly across the magnetic pile-up bound-
ary and the thermal speed does not change at all across this boundary (Fuselier et al.,
18987]. One thing that does change rather abruptly in the vicinity of the magnetic pile-
up boundary is the flow direction [Fuselier et al., 1987].

It is possible that a combination of rapid slowing and deflection of the solar wind

plasma incident along the sun-comet line, followed by a re-acceleration along the flanks

of the comet could explain both the large amount of charge exchange and the relatively
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smooth velocity profile observed by Giotto [Shelley et al., 1986; Wallis, 1990]. .How—
ever, the present computer models cannot be used to predict such a possibility. Thus,
we must conclude that present computer models allow us to qualitatively understand the
charge exchange of solar wind ions in the outer reaches of the coma and help to distin-
guish real charge exchange effects from changes in the solar wind composition (for ex-—
ample in the mystery region). The quantitative understanding of the observations of
charge exchange in the inner coma (i.e. in the region just before and inside the mag-

netic pile-up boundary in Figures 1 and 2) remains poor.
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Table 1. Solar wind Oxygen and Carbon density ratios

Time (UT) o7+/06+ O5+/06+ C4+/C5+
1705-1913 0.3540.14 0.2440.20 0.42+0.44
2200-2400 0.17+£0.31 0.59+40.81 0.74+0.92
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Fig. 1. Observed (+’s) and modeled (x’s) M/Q=4 to Helt + M/Q=4 density ratio versus dis-

tance fromthe comet along the Giotto trajectory. The abrupt increase at the magnetic

pile-up boundary (MPB) is interpreted as a large increase in the percent He?t charge ex-

change to Het.

Fig. 2. M/Q=2 to ut density ratio versus time or distance from the comet (solid line).
The filled circles connected by the solid line are the ratios after the cometary H2+
contribution to the M/Q=2 mass peak is removed. The Dashed line show a fit to the ob-

served ratio from the charge exchange model.

Fig. 3. Mass spectra fromM/Q=2 to 4 far from the comet (upper panel) and near the comet
(lower panel) . The vertical axis is proportional to the flux normalized by the Hel*

flux. Near the comet, the relative fluxes of all multiply charged solar wind species

are reduced except for M/Q=4 when compared to the mass spectrum further away.

Fig. 4. Densities versus time for M/Q=4 ions (dashed line) and solar wind o6+ (solid

line).

Fig. 5. Electron, proton, He2+, 06"', and electron >1 keV densities for a time period
centered on the mystery region. The bars in the figure identify the intervals when the
He¢t o ut density ratio in Figure 2 are elevated. These intervals are correlated with
enhanced energetic electron flux. The second interval is also correlated with a de-

crease in the HY and 06% densities.
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ABSTRACT

Observations in the coma of P/Halley by the Giotto Ion Mass Spectrometer (IMS)
are reported. The High Energy Range Spectrometer (HERS) of the IMS obtained
measurements of protons and alpha particles from the far upstream region to the
near ionopause region, and of ions from mass 12 to 32 at distances of about 250,000
km to 40,000 km from the nucleus. Plasma parameters from the High Intensity
Spectrometer (HIS) of the IMS obtained between 150,000 to 5000 km from the
nucleus are also be discussed. The distribution functions of water group ions
(water group will be used to refer to ions of 16 to 18 m/q, where m is in AMU and q
is in unit charges) are observed to be spherically symmetric in velocity space,
indicating strong pitch angle scattering. The discontinuity known as the
magnetic pile-up boundary (MPB) is apparent only in proton, alpha, and
magnetometer data, indicating that it is a tangential discontinuity of solar wind
origin. HERS observations show no significant change in the properties of the
heavy ions across the MPB. A comparison of the observations to an MHD model
(Wegmann et al., 1987) is made. The plasma flow directions at all distances
greater than 30,000 km from the nucleus are in agreement with MHD
calculations. However, despite the agreement in flow direction, within 200,000
km of the nucleus the magnitude of the velocity is lower than predicted by the
MHD model and the density is much larger (a factor of 4). Within 30,000 km of the
nucleus there are large theoretical differences between the MHD model flow
calculations for the plane containing the magnetic field and for the plane
perpendicular to the magnetic field. The observations agreed much better with
the pattern calculated for the plane perpendicular to the magnetic field. The data
obtained by the High Energy Range Spectrometer (HERS) of the IMS that are
published herein have also been provided to the International Halley Watch
archive.

INTRODUCTION

The Giotto spacecraft of the European Space Agency approached Halley's comet at
a speed of 68.4 km/sec, with an angle between the spacecraft velocity in the comet
frame and the sun-comet line of 107°, and with closest approach occurring at
00:03 UT on March 14, 1986. Among the investigations on the spacecraft was the
Ion Mass Spectrometer (IMS). The major focus of this paper is the presentation of
heavy ion plasma parameters and particle distributions obtained by the HERS.
Also presented are improved estimates of proton and alpha particle parameters
obtained by the HERS. The proton, alpha particle, and heavy ion observations are
also compared to the predictions of an MHD model. Recent compositional results
of data from the High Energy Range Spectrometer (HERS) of the IMS
(Neugebauer et al., 1990) have recently been accepted for publication.

DESCRIPTION OF INSTRUMENT AND METHOD OF ANALYSIS

The HERS measured positive ions for energies up to about 4 keV, depending on
the mass being observed and the view direction. The instrument had a fan-like
field of view that rotated about the spin axis; the inner edge (the edge towards the
comet direction) of the fan was 15° from the spin axis, while the outer edge was
75° from the spin axis. The instrument had 4 modes (proton, light, medium, and
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heavy); each mode was measured once every 4 spins, so that measurements of
different species were obtained at 16 second intervals. The HERS sensor had
energy windows that were of constant width in momentum per unit charge
(rather than constant width in the logarithm of energy per unit charge as for a
conventional electrostatic analyzer). Further description of the experiment is
provided in Balsiger et al. (1986a); first results are reported in Balsiger et al.

(1986Db).

A number of different methods have been used to analyze Giotto HERS data. The
consequence of constant momentum width windows is that, although good energy
resolution is obtained for heavy ions, the energy window for alpha particles is 64
eV full width at half maximum, and for protons is twice as wide. Two problems
result if a straxghtforward moment analysis is used: 1) the thermal broadening
along the line of sight is overestimated, and 2) for low proton and alpha particle
velocities, the bulk flow speed is overestimated due to the low energy cutoff (10 eV)
of the instrument not being properly taken into account. Additionally, there is a
cone of 150 half-angle centered on the cometary direction in which the HERS
sensor does not obtain measurements. Goldstein et al. (1987, Figs. 1 and 3) used
fits to a Maxwell-Boltzmann distribution integrated over the instrument response
to estimate proton and alpha velocities, whereas the heavy ion velocities were
calculated from a moment technique. Since that time, we have recalibrated the
proton mode of the flight spare, and obtained an improved understanding of the
instrument response to low energy protons. In the present paper, we obtain
estimates of plasma parameters by assuming that distributions are spherically
symmetric in velocity space. The density in a shell is then computed by averaging
over the observations within the shell. The velocity of the distribution (i.e., center
of the shells) is adjusted using an iterative least squares technique to reduce the
error in a fitting parameter. This fitting parameter is the first moment of the
distribution obtained by integrating over the instrument field of view, and it is
compared to the first moment obtained by integrating the assumed distribution
over the instrument field of view. This procedure corrects for errors if a portion of
a spherical shell is out of the field of view; however, it can not compensate for an
entire shell being out of the field of view. This happens in the cold, dense region of
the inner coma when the bulk velocity relative to the spacecraft is nearly from the
ram direction. In Figure 1 we have plotted the velocity of water group ions in
instrument coordinates obtained by the HERS sensor as estimated from model fits
to the HERS data. The datum points represent data averaged over time periods
ranging from approximately two minutes when close to the comet to eight
minutes when far from the comet. The measurements obtained by the HERS
sensor should include all velocity shells up until about 23:38 (102,000 km from the
comet), after this time it can not be said with complete assurance that none of the
cold plasma has been missed because the estimated velocities fall very close to the
boundary of the 15° half-angle cone. When the center of the distribution falls well
within the 15° half-angle cone (i.e., the last four points starting at 23:44:51 UT,
within 75,000 km of the nucleus), then the cold core of the distribution is definitely
not seen by the HERS sensor. The estimate of plasma direction may also be
verified by comparison to data from the High Intensity Spectrometer (HIS) of the
IMS (see Fig. 6 below). Improved density and compositional measurements
obtained by the HERS experiment have recently been submitted for publication



(Neugebauer et al., 1990); similar field of view effects apply to these densities and
_ abundances as well. The data obtained by the High Energy Range Spectrometer
hdt (HERS) of the IMS that are published herein have also been provided to the
International Halley Watch archive.

REVISED PROTON AND ALPHA PARTICLE MEASUREMENTS

The general features of the outer cometosheath have been described by Balsiger et
al. (1986), Neubauer et al. (1986), Johnstone et al. (1986), Goldstein et al. (1987),
Glassmeier et al. (1987), Réme et al. (1987), and others. In particular, Goldstein et
al. (1987) have published earlier HERS alpha particle analyses, and HERS
parameters for all species including protons have been submitted to the National
Space Science Data Center. Our newly reduced proton and alpha particle
measurements using the revised techniques just discussed in this paper have
been submitted to the NSSDC and the International Halley Watch archives. We
publish these revised estimates herein. Due to the upper energy limit of the HERS
sensor, and counting statistics, only H+, m/q=2, and m/q=4 observations were F {
obtained at distances greater than 250,000 km. The m/q=2 partiC%g_s__a_r_e_iiﬁ]_ez_J %w
He++ or Hot, and the m/q=4 particles are He*. Shelley et al. (1987) have discussed ]q‘io
the conversion of He++ to He*. Fuselier et al. (1988, 1990).have investigated the
pick-up of Ho*; the m/q=2 species is composed almost entirely of Het* until after
23:30 UT (1?22'5,000 km from the nucleus). The plasma parameters are shown in
1gure 2 for the period 19:00 UT to 24:00 UT. The speed (km/sec) in a comet

r\f’ centered frame is shown in the upper panel, the next panel shows number

\
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density (cm-3, alpha particle densities are multiplied by 10), the next shows log
temperature (°K), and the lowest panel shows pressure (dynes/cm2). Proton
parameters are shown as solid lines, alpha particles parameters as dashed lines,
and water group parameters as dotted lines. The water group temperature does
not include contributions from particles in velocity shells with radii greater than
100 km/sec. It can be seen that there is excellent agreement between the proton
and He*+ speeds until about 21:45; after this time there is an increasing
divergence of the estimates. As mentioned, the instrument has a rather broad
energy acceptance for protons, and we interpret this difference as most likely to be
due to poor velocity resolution for protons. The alpha velocity should be better
determined than the proton velocity in this region.

HEAVY ION DISTRIBUTIONS

The general characteristics of heavy ion distributions should depend upon the
injection of pick-up ions, their scattering in pitch angle and energy, adiabatic
(de)compression as the plasma is compressed(expands) and loss by recombination
or charge exchange. At distances for which HERS could obtain measurements,
recombination is unimportant (Ip,1989), but the data provide support for the
importance of scattering in pitch angle and loss by charge exchange. To
demonstrate the importance of pitch angle scattering, we show in Figure 3
contours of common logarithm of phase space density of water group ions for a 5
minute averaging period centered at 23:27:39 UT. For this period the average
location for a picked-up ring-beam distribution was at a pitch angle of 71.7° from
S the magnetic field direction with a velocity amplitude of 29.6 km/sec. The
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expected location for the pick-up beam is indicated by the cross. It can be seen
that the pick-up location is within the region (dark grey) of maximum phase
space density. There is also evidence for considerable scattering in pitch angle; a
shell (light grey region) has been formed that includes the pick-up location.
Although pitch angle scattering is clearly very important, it is not sufficiently
rapid to obliterate the peak in the vicinity of the pick-up location. It can be seen
that diffusion not only in pitch angle, but also in velocity, has occurred with the
particles being scattered to lower velocities than the pick up velocity. Yoon (1990)
and Yoon and Ziebbell (1990) have discussed mechanisms that cause diffusion in
energy.

To investigate the evolution of the distribution as the comet is approached, we
show the water group ion densities in two different formats. In Fig.4 are shown
the phase space densities averaged over spherical velocity shells with the bottom
line being the earliest data and the top line being the latest. The leftmost value
plotted (smallest value of shell radius) varies from case to case because of poor
counting statistics when the phase space volume of the shell is small.
Comparison with the water group speed in the comet frame (vertical arrows
marked on plots) shows that the peak of the distribution appears at (or just below)
the local pick-up velocity. There are no observations at the last time shown (23:52
UT) for the lowest velocity shells because the cold distribution has moved into the
unobserved cone in the ram direction (see Fig. 1).

At 254,000 km (23:00:30) there are higher densities in the region 50 to 60 km/sec
radii than in the lower velocity shells (the apparently larger value in the 10-20
km/sec radii may be counting statistics as the volume of this portion of phase
space is relatively small). The enhancement in the 50 to 60 km/sec radii region is
reasonably good agreement with a pick-up velocity of 63 km/sec (plasma velocity in
the comet frame) at this time; the center of the distribution (shell radii of 50
km/sec or less) has not been filled in by energy diffusion. As the comet is
approached, the pick-up velocity decreases and the number of neutrals being
ionized increases; for these reasons one would expect that the density in
intermediate shells should increase, and then the density in the lowest velocity
shells should increase later to even larger values. As expected, the peak of the
distribution moves to lower velocities at later times. These changes are shown
more quantitatively in Figure 5. At the highest energy shells shown (radii of 50-60
km/sec) the phase space density decreases from 23:05 to 23:14, whereas in the next
highest velocity shells (radii of 40-50 km/sec) the phase space density is (o2Y')
simultaneously increasing. The phase space densities in these shells @'Foughly
constant from 23:10 to 23:40 (220,000 to 95,000 km), and then decreases rapidly due
to charge exchange in the near vicinity of the comet (after about 23:45 UT, within
95,000 km). The other, lower velocity, shells, (with the exception of 0 to 10 km/sec)
all show a pattern of increasing flux as the comet is approached, followed by a
decrease during later times. The shells from 30-40 km/sec show a possible modest
decrease from 23:25 to 23:40, before the precipitous decrease after 23:40 caused by
charge exchange. It could be argued that a similar decrease occurs in the 40-50
knv/sec shells from about 23:20 to 23:40, although the data are somewhat scattered
and could equally well be argued to show no change during this period. The
cause of the drop in the 30-40 km/sec shell radius region from 23:25 to 23:40 is
unclear. Charge exchange might be occurring, although the neutral densities in
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these regions are low. Adiabatic compression due to flow deceleration would
affect the distribution function, by increasing the local spatial density, but moving
particles to shells with larger velocity radii. However, as the phase space density
in the 20-30 km/sec region was equal to or greater than the value in the 30-40
km/sec region, the net effect of adiabatic compression would be to increase the
phase space densities in the 30-40 km/sec shell region during the period 23:20 to
23:40. Diffusion in energy space would also tend to decrease phase space densities
in peak regions (radii of 30 km/sec or less during this period), and increase it at
greater distances. Thus, the flat behavior of the 50-60 km/sec region from 23:20 to
23:40, the decrease in the 30-40 km/sec region, and the debatable behavior in the
40-50 km/sec region may result from a balance of several processes. Detailed
comparisons with theoretical models will be required to further understand these
behaviors.

MAGNETIC PILE-UP BOUNDARY (MPB, OR "COMETOPAUSE")

At 135,000 km from the nucleus (23:30:00 UT), the spacecraft passed through a
discontinuity designated as the magnetic pile-up boundary (Neubauer, 1987). A
somewhat similar boundary observed by the plasma experiment on the VEGA
spacecraft (Gringauz et al., 1986) was referred to as a "cometopause" and was

- interpreted as a region in which a rapid build-up of cometary ions occurs.

Neubauer (1987) concluded that the MPB had to be either a tangential
discontinuity, or a slowly propagating rotational discontinuity with strongly
differing plasma properties on either side. The plasma distribution from just
before the MPB shown in Fig. 3 has no strong anisotropy; nor is there a strong
anisotropy in the distribution (not shown) just after the MPB. The MPB has been
of some interest because of interpretations that it might be due to a rapid charge
exchange of plasma ions with neutrals with a run-away rapid growth due to
deceleration of the flow by the pick-up process. Our data, however, do not show
any remarkable changes in the properties of the heavy ion distributions across the
pile-up boundary (Figs. 4,5), but do show a discontinuity in the properties of the
protons and alpha particles (Fig.2, see also Fig. 2 of Goldstein et al. (1987) and Fig.
4 of Neugebauer et al. (1990)).

If the MPB is a tangential discontinuity, there should be no flow across it. The
normal to the discontinuity is (.097, .993, -.059) in HSE coordinates (Neubauer,
1987); i.e., the normal is almost exactly in the y-direction. We compute (Table 1)
the HSE velocity difference in km/sec, AV = Vyytside - Vinside» across the interface
using HERS proton, alpha particle, and water group data, and HIS water group
data. Also shown in Table 1 is the angle, 8, between the velocity difference and the
normal to the discontinuity. If the MPB is a tangential discontinuity, then for an
ideal MHD fluid AVy should be zero and 6 should be 90°. Because of time
variations in the data, we have taken both 2.5 and 5 minute averages on either
side. Because the HERS water group parameters were not available at 2.5 minute
intervals upstream of the MPB the 5 minute value upstream was used for both the
2.5 and 5 minute cases. Upstream 2.5 minute averages were not available for
HERS water group data because it was necessary to have longer integration
periods further from the comet, and the MPB happened to be a location where the
integration period was changed in the analysis. It can be seen that the alpha
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particle and proton velocity differences are at a substantial angle to the normal to
the discontinuity, about 65° to 70°. The fact that this angle is not 90° (as would be
expected for a tangential discontinuity) might be attributable both to error in
determination of the normal to the discontinuity (A9/A3 was 12.5, Neubauer, 1987),
and, more likely, to errors in measurement of both proton and alpha particle
velocities. The water group AV, estimates from HIS and HERS disagree by about
4 km/sec; the cause of this is unknown and may reflect measurement error. The
AVy component (i.e., the normal component, which should be zero for a
tangential discontinuity) of the alpha velocity changes in sign according to
whether 2.5 or 5 minute averages are used. Both HIS and HERS find a decrease of
2.5 to 3 km/sec in the y-component of the water group velocity as the spacecraft
crosses the MPB. Since the AVy result does not depend upon averaging period,
and both experiments agree, we believe this result is probably real, but are not
absolutely certain because of the unexplained disagreement in the AV, estimate.

TABLE 1

ANGLES BETWEEN COMETOPAUSE NORMALS AND VELOCITY CHANGES

A Vy AVy AV, ]
protons, 5 minute averages 7.9 3.4 -8.2 67
protons, 2.5 minute averages 9.8 3.7 -5.4 6
alphas, 5 minute averages 8.7 -9.5 -13.5 65
alphas, 2.5 minute averages 7.5 4 -14.5 71
water group, HERS, 5§ minute avg. -4.5 -2.5 3.5 60
water group, HERS, 2.5 minute avg. -3.0 -3.0 3.0 48
water group, HIS, 5 minute avg. -2.0 -2.8 -11 6
water group, HIS, 2.5 minute avg. -29 -3.0 -1.0 42

The 2.5 minute averages of proton and alpha particle densities before the MPB are
5.9 cm3 and 0.21 cm-3, respectively, whereas after the MPB the corresponding
values are 2.8 cm3 and 0.13 cm-3. The sharp drop in both alpha and proton
densities at the MPB support Neubauer's suggestion that the MPB is a tangential
discontinuity, and are inconsistent with his alternative suggestion that the MPB
is a slowly propagating rotational discontinuity. The tangential discontinuity
hypothesis, however, appears to be inconsistent with the marginal evidence for
normal flow of water group ions across the boundary. One explanation might be
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the presence of multi-fluid (proton and water group) waves as proposed by Sauer
and Motschmann (1989).

We have attempted to verify the pressure balance across the tangential
discontinuity. However, this requires estimating perpendicular and parallel
temperatures for the water group ions; accurate values are necessary as the
water group dominates the plasma pressure. Unfortunately, the variation (due to
counting statistics and background) between estimates of the pressures made
using different techniques is so large that it precludes an accurate estimate of the
pressure change across the MPB.

COMPARISON TO MHD MODELS

Wegmann et al. (1987) and Schmidt and Wegmann (1990) have undertaken a
numerical MHD model of the dynamical flow and chemical reactions of the
plasma at Comet Halley. The dynamics are treated with a three dimensional
single fluid model, while the compositional variations are computed in a two
dimensional axially symmetric flow field. The Schmidt and Wegmann paper
uses a grid refined by a factor of two over that used by Wegmann et al. , and
corrects an error in the calculation of the ion temperature. A comparison
between the large scale flow direction observed by the IMS and the MHD
calculations of Wegmann et al. (1987) is shown in Fig. 6. The data are plotted in
aberrated solar wind coordinates. We have defined these coordinates with the x
axis pointing opposite to the direction of the upstream solar wind flow (taken to be
(-365.,-17,17} km/sec in Halley solar ecliptic coordinates), with the y axis in the
plane containing the spacecraft-comet velocity difference in the approximate
direction of the HSE y coordinate. In these aberrated coordinates the angle
between the upstream direction and the comet-spacecraft velocity difference is
1030 (rather than the 107° angle between the HSE x-axis and the velocity
difference), and there is a rotation of roughly 11° in the y-z plane from the HSE y-z
components. The units of the axes are megameters. The spacecraft trajectory is
shown as the sloping line. At large distances from the comet the best velocity
measurements obtained by the experiment are given by alpha particle data; these
data are plotted as vectors extending upwards from the trajectory. Closer to the
comet the HERS instrument obtains water group data; these data are shown as
the lines extending downwards from the trajectory. Finally, closest to the comet
the best data are water group data obtained by the HIS sensor and are shown as
lines extending upwards from the trajectory. The HIS velocity vectors shown are
based upon the same data set described by Kettmann et al. (1990), but are rotated
into aberrated coordinates (two different methods of data reduction were used by
them; the data shown in Fig. 7 are that from their method of ignoring the
innermost angular channel during the last ten minutes before encounter). The
alpha particle data may be distinguished from the HIS data due to their
separation by a gap in the upwards pointing lines. Different scales are used for
plotting the alpha particle velocities and the water group velocities. The short
vertical line in the lower center of the figure is the length of a 100 km/sec alpha
particle vector in the plot, and is also the length of a 20 km/sec water group vector
(both HIS and HERS). It can be seen that there is generally good agreement
between the flow directions predicted by the model and the observations. One
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exception to this rule is the strong deflection observed just inside the bow shock
that is not predicted by the MHD model (which does not resolve the shock well)

In Fig. 7 is shown a comparable plot of the HIS data for the region within 30,000
km of the nucleus; the units of the axes are 104 km and the vertical line in the
lower center of the figure denotes a vector that is 10 km/sec in magnitude. The
data are compared to the calculation of Wegmann et al. (1987) for the flow in the
plane perpendicular to the magnetic field, and it can be seen that overall there is
good agreement (except close to the comet). By contrast, Wegmann et al. (1987)
have also presented the flow in the plane containing the magnetic field. In this
plane the recombining plasma can flow down along field lines towards the comet,
and the flow close to the comet is actually converging towards the comet rather
than diverging from it. (This would be the case if the interplanetary magnetic
field were in the ecliptic plane and if the comet had been approached in a
trajectory lying in the ecliptic.) The Wegmann et al. calculations would also
predict an ionopause elliptical (rather than circular) in cross-section, with the
greater width in the direction not confined by draped magnetic fields. This might
account for a tilt of the ionopause surface reported by Neubauer (1987, see Fig. 4).
The plasma velocity observations do not agree at all (comparison not shown) with
the flow pattern predicted by Wegmann et al. (1987) for the plane containing the
magnetic field.

Which case should apply is problematic. Neubauer (1987) reports that the angle of
the magnetic field out of the ecliptic plane is large and variable close to the comet.
This suggests that the situation should be a compromise between the two cases
reported by Wegmann et al. (1987); however, as mentioned earlier, the flow
pattern observations agree very well with the calculation for the flow in the plane
perpendicular to the magnetic field.

It may also be noted that the flow directions observed by the HIS angle analyzer
within about 10,000 km of the comet do not agree with reasonable expectations.
This is in part due to observational difficulties; the plasma is flowing past at 68
km/sec in the spacecraft frame and we are trying to measure a small deviation
from this value. A further problem is that as the comet is approached the plasma
gets colder, and eventually most of it lies in the field of view of the innermost angle
analyzer. However, as the count rate became higher, some problem with this
angular channel became apparent (Kettmann et al., 1990), so the data that we
present here are derived ignoring this channel. This means that we do not have a
good measurement of the velocity component in the ram direction from HIS angle
analyzer alone during the last several minutes. It is possible that recently
completed reductions and analyses of the HIS mass analyzer calibrations may
allow use of the mass analyzer data to resolve these ambiguities in the future.

In Fig. 8 are shown comparisons to other parameters of the MHD model of
Schmidt and Wegmann (1990). The plasma parameters plotted are proton
density, alpha particle velocity, water group density, velocity, and temperature as
measured by the HERS, and water group velocity and temperature as measured
by HIS. Comparing first the velocity prediction of the Schmidt and Wegmann
paper to the alpha observations, we notice that there is excellent agreement in the
outer portions of the comet (R greater than 250,000 km). At 250,000 km there is
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good agreement between both the prediction, the alpha particle velocity, and the
water group velocities that the HERS detector observed beginning at that distance.
However, at about 200,000 km a very noticeable difference has developed between
the observation of the water group ions and the predictions of the model (we do not
compare to the alpha velocities, which disagree with the water velocities, because
the water group dominates the mass and the alpha velocity determination
becomes less reliable as the comet is approached). Simultaneously, a large
increase in the ion density above the values predicted by the model is observed.

It is not surprising that the model would simultaneously underestimate the
density and overestimate the velocity. If too much pick-up plasma were added to
the flow, conservation of momentum would require a reduction in the flow
velocity. Alternatively, if for some reason the model gives too low a flow velocity,
there would be greater time for addition of mass to the flow. For example, an
underestimate of the neutral ionization rate might cause these disagreements.
The MHD calculation assumed a single fluid, whereas the cometary plasma is
composed of both solar wind protons and cometary pick-up ions. However,
throughout the region where the disagreement occurs (250,000 to 25,000 km), the
plasma mass density is strongly dominated by the pick-up ions, so it does not
seem likely that relative velocity differences between solar wind and pick-up ions
could explain the discrepancy. Temporal variation in the upstream solar wind
density and velocity might also cause errors in the prediction.

Another noteworthy disagreement between the model and the observations is the
apparent increase in observed HIS ion temperature above predicted values within
10,000 km of the nucleus, and below predicted values for distances between 16,000
to 250,000 km from the comet. The measured temperatures in the region close to
the comet are in agreement with similar temperatures reported by Schwenn et al.
(1987) from IMS-HIS mass analyzer data, and by Ldmmerzahl et al. (1987) from
neutral mass spectrometer data. A one dimensional MHD model of the inner
coma (Cravens, 1989) does predict a region of increased temperature due to ion-
neutral friction in the collisionally coupled region external to the ionopause. The
region in which the temperatures measured by HERS and HIS are lower than the
model (16,000 km to 250,000 km from the nucleus) can be explained by two
possibilities. First, the two fluid nature of the plasma might result in some of the
internal kinetic energy of the flow being maintained as a relative drift between
solar wind ions and cometary ions. Although we did not regard such a two fluid
effect as a likely explanation of the density/velocity discrepancy, the temperature
of the plasma is much more sensitive to such effects. Second, the HERS
temperatures were calculated using a cut-off for velocity shells with radii greater
than 100 km/sec, and the HIS temperatures were calculated from Maxwell-
Boltzmann fits to the total distribution. It is possible that there might be a hot
unobserved or unmodelled shell at larger energies, and that the measured
temperatures are too low. However, even at distances less than 30,000 km the
disagreement is quite striking, and at such distances the mass and temperature
should be dominated by the cold pick-up plasma. So, we do not believe that
observational errors account for the disagreement.
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FIGURE CAPTIONS

Fig. 1 The velocity measured by HERS in instrument coordinates. The direction
from the comet is downwards (along the vertical axis of the plot). The line at an
angle of 15° from the comet direction represents the inner edge of the HERS

sensor field of view. The modelling procedure used to estimate the bulk velocities
can not compensate for velocity shells of cold pick-up ions that are entirely within
the unobserved cone. Thus, the estimates do not approach the ram velocity (i.e.,
the vertical axis) as the comet is approached. The observation points are indicated
by + symbols on the curve and are average values centered at the times (UT) given
in the box on the plot. The first datum (23:13:40) is the leftmost point in the plot.

Fig. 2. Plasma parameters obtained by the HERS for the period 19:00 UT to 24:00
UT. The solid lines are proton data, the dashed lines are alpha particle data, and
the dotted lines are water group data. The speed (km/sec) in a comet centered
frame is shown in the upper panel, the next panel shows number density (cm-3,
the scale on the left is for protons and for alpha particles multiplied by 10, the
scale on the right is for the water group ions), the next panel shows log
temperature (K), and the lowest panel shows pressure (dynes/crn2) The ion
temperature does not include contributions from partxcles in velocity shells with
radii greater than 100 km/sec.

Fig. 3. Contours of common logarithm of phase space density in units of cm-6sec3
of mass 17 ions for a 5 minute averaging period centered at 23:27:39 UT. The
cross is at the location where new pick-up ions are created.

Fig. 4. Phase space densities (arbitrary units) of spherical velocity shells with the
bottom line being the earliest data and the top line being the latest. The times
shown on the figure are UT. The vertical arrows indicate the average pick up
velocity during the period of measurement.

Fig. 5. Average phase space densities (units of cm-6sec3) in velocity space of
spherical shells 10 km/sec in thickness. The data are similar to those shown in
Fig. 4 except that the velocity space intervals are 10 km/sec, and the time centers
of the averaging intervals are different. The format allows numerical values to be
ascertained without ambiguity.

Fig. 6. A comparison in aberrated HSE coordinates between the large scale flow
direction observed by the IMS (HERS and HIS) and the MHD calculations of
Wegmann et al. (1987, see their Fig. 3b). The units of the axes are 106 km. See text
for interpretation of magnitude of vectors.

Fig. 7. A comparison in aberrated HSE coordinates between the large scale flow
direction observed by the HIS and the MHD calculations of Wegmann et al. (1987,
see their Fig. 4b). The units of the axes are 104 km. The vertical line in the lower
center of the figure is the length of a 10 km sec velocity vector.
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Fig. 8. A comparison between flow parameters measured by the IMS and the
MHD calculations of Schmidt and Wegmann (1990). N, v, and T}, are the number
density, the velocity, and the ion temperature of the calculation (medium
thickness lines), Nw, Vw, and Tw, are the number density, velocity, and
temperature of water group ions as measured by the HERS sensor (heaviest
lines), and (thinnest lines) Np is proton number density, V, is the velocity of the
alpha particles, Vy and T}, are the velocity and temperature of the water group
ions as measured by the HIS sensor.
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Summary

The IMS-KIS double-focussing mass spectrometer that flew on the
GIOTTO spacgcraft covered the mass per charge range from 12 to 56
(AMU/e). By comparing flight data, calibration data and results of
model calculations of the ion population in the inner coma, the
absolute mass scale is established, and ions in the mass range

25 to 35 are identified. Ions resulting from protonation of mole-
cules with high proton affinity are relatively abundant, enabling
us to estimate relative source strengths for H,CO, CH30H, HCN, and
H2S, providing for the first time a positive in situ measurement of

methanol. A]so upper limits for NO and some hydrocarbons are derived.

Key words: cometary atmosphere, mass spectrometry, ion spectra,

molecular processes



1. Introduction

The composition of gases in the coma of comets can be studied by
spectroscopy at various wave lengths of electromagnetic radiation, by
mass spectrometric analysis of the neutral component, and by ijon mass
spectrometry. All these methods have their advantages and limitations,
and it is their cémbination that has led to the advances in cometary
chemistry that we have witnessed since the flight of spacecraft into

the coma of Hdl]ey‘s comet.

In this paper, we use'the data obtained by the HIS sensor of the
IMS experiment (Balsiger et al., 1986) on the spacecraft GIOTTO during
its passage through the inner coma of Halley's comet. The HIS is a
double-focussing magnetic mass spectrometer with 9 channel electron
multipliers (CEMs) arranged in a specially designed distributer,
called an "lgel", at its exit (cf. Balsiger et al., 1986). It provides
information on the mass/charge ratio, the velocity and the angles of
incidence of the ions. Among the GIOTTO instruments, the capabilities
of the HIS are unique for jnvestigating the ion composition in the
region between the cometopause (Gringauz et al., 1986) and the iono-
pause (Neubauer et al., 1986; Neubauer, 1987; Balsiger et al., 19863a)

of Halley's coma.

The HIS, of course, also works in the low temperature (200-300 K)
region inside the jonopause, but it is not simple to reduce the four-
dimensional.representation of these data (i.e. mass/charge, velocity
and two angles of incidence) to @ one-dimensional mass spectrum giving
quantitative ion abundances, because the spectrometer response is not

strictly a separable function of these four parameters. Thus, the
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apparent mass/charge ratio depends somewhat on the velocity and direc-

tion of incidence. We have developed a method by which quantitative
M/Q spectra are derived, using a scheme of adding CEM count rates

combined with a fitting routine based on laboratory calibration data
(Meier, 1988).

In contrast to previous attempts to reproduce the IMS mass
spectra by ion-chemical modelling (e.g. Wegmann et al., 1987; cf.

Schmidt et al.; 1988), we use a model which concentrates on the ion

mass range between 25 and 35 AMU/e in order to obtain better esti-

mates of the parent molecule abundances which contribute to this ion
mass range.

2. Experimental Results

The HIS sensor took data in two modes, the H- and the N-mode (Balsiger
et al., 1986; Meier, 1988). Results obtained in the H-mode for the
mass range 12 to 35 at nine distances from the nucleus are shown in

Figs. 1 and 2. Each spectrum represents the data of one spin period,

corresponding to a traversal of 273 km. The distances from the nucleus

given in the figures are determined at the centers of the respective

spin periods. The HIS instrument scans the voltage of the energy

analyzer in 64 steps, covering the energy range appropriate for rammed
cold ions with mass/charge 12 to 56. In the innermost part of the
coma a countrate vs. measurement step plot represents a mass spectrum,

because all cold ions have the same velocity in the instrument frame

of reference, i.e. the ram velocity (68.4 km/s). The H- and N-mode

are different in so far that in the H-mode all masses with the same
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angle and velocity are measured by the same CEM, whereas in the N-mode
dffferentAmasses are deflected to different CEMs. Hence the H-mode is
well suited to get full survey mass spectra (by plotting countrates
vs. measurement step). However, the assignment of mass in the measure-
ment stép/CEM-matrix is dependent on ion speed, temperature and angle,
and the detailed response of the matrix bins to each ion beam had to
be carefully calibrated. Thus, for the purposes of this paper, we use
the H-mode to give an overview of the spectra as a function of dis-
tance from the nucleus. The N-mode data are then used to derive rela-

tive ion abundances based on the calibrated response function.

Up to about mass 20, the identification of the ionic masses does
not pose a problem, thus there is no uncertainty in the mass scale
given in Fig. 1. This is supported by the fact that the calibration
data pfedict the position of H30+ where the highest ion peak is actual-
ly found. From this part of the spectrum, we can determine velocity
and angle of incidence of the ions. If we then assume that the velo-
cities and the flow directions are the same for all masses, we can
assign an accurate mass scale to the higher masses as well. In Fig.

2, we give the H-mode spectra thus obtained for the ions in the range

M/Q = 25-35.

The data displayed in Figs. 1 and 2 divide naturally into three

spatial regions as can be recognized in the patterns of the spectra.

I. 1215 km - 3289 km. This region lies well inside the contact

surface (Neubauer et al., 1986; Neubauer, 1987; Balsiger et al.,
1986a). Here the counts are fairly evenly distributed in azimuth

indicating that the flow direction coincides with the spin axis. The
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ion temperature 15 less than 500 K. The M/Q patterns of the five
spectra are fairly similar and indicate a good tuning of the in-
strument and a. good mass resolution for the regular flow velocity

encountered here,

IT. 4365 - 6554 km. This region lies mainly outside the contact

surface (at 4660 km, Neubauer, 1987). The counts are unevenly distri-
buted over azimuth in this region, indicating a flow with a velocity
component ;ominé from the sclar direction. This is consistent with
expectation since bulk flow of the jons should follow roughly the
contours of the contact surface. The 4365 km spectrum contains data
from inside the contact surface. It was here that the HERS sensor
detected hot cometary ions which may be due to the double charge-
exchange mechanism (Goldstein et al., 1987; Eviatar et al., 1989).
The flow conditions and distribution functions in region II are sig-
nificantly different from those in region I. The poor mass definition
and resolution shown for the region II spectra in Figs. 1 and 2
results from the fact that they were generated using the flow con-

ditions prevailing in region I.

I1T. 9814 km. This spectrum is typical of the region outside
~7500 km. The azimuthal anisotropy is still observed, compatible with
the expected flow pattern around the contact surface. The spectrum is
similar to those in region I, with the exception of the strong count
rate at M/Q = 32. The latter may result from a change in chemical
composition with distance (i.e. there is a slow build-up of S+; cf.

section 4),.
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3. Interpretation of the spectra

This paper is concerned primarily with the ion mass range £5 to 35
AMU/e (Fig. Z2) focussing on region I, i.e. the low temperature gas
inside the contact surface. Here, photodissociation, photoionization,
ion-mo]eéu]e reactions, and dissociative recombination dominate the
chemistry. The dominance of water vapor in the neutral aas together
with its high proton affinity (PA) results in H0* being by far the
most abundant jon. Thus, this ion governs the direction that the ion-
molecule reactions take (Aikin, 1974). As a consequence, the PA of
the molecules or radicals in the inner coma (Table 1) is the most
important chemical parameter (Huntress, 1977), determining what the

main ijonized species are for a particular parent molecule.

Molecules (M) having a higher PA than water (cf. Table 1) react

readily with H30+ abstracting a proton:
H30T + M+ Ho0 + MH' . (k1)

Consequently, the resulting MH® jons (Table 2, column 3) are very
abundant relative to their parent molecules. For molecules containing
H, C, and 0, reactions with H30+ have the effect of transforming a
molecular mass spectrum dominated by even numbers into an ion mass

spectrum dominated by odd numbers.

On the other hand, ions M produced by simple photoionization
(emissicn of an electron) from a molecule having a PA lower than
water fall into two categories. If they react with water (e.qg. C0+,

cf. Table 1)

M* + H,0 + products (k2)



they will have a low abundance (Table 2, column 5). If they do not
react with water (e.g. NoT; cf. Table 1), they will have a rather
long 1ifetime,-governed in most cases by dissociative recombination,
and thus they will accumulate towards 23 relatively high abundance

(Table 2, column 4).

While these simple systematics are qualitatively valid, ion-
molecule reactioﬁs with species other than the most abundant H,0 and
H30+ musf be taken into account for a quantitative analysis. For this
purpose, we have developed a numerical method which is simple, yet
adequate for treating the radial evolution of jon abundances in the
inner coma (Appendix A). The 21 neutral and 40 ion species listed in
Table 3 were included in the calculations for the present paper. The
parent molecules selected fall into three categories: (1) Those which
could reasonably be expected and are essential to obtain an adequate
fit to the data (e.g. H20, €0), (2) those which have been previously
reported but cannot be positively confirmed or excluded by the data
(e.g. Nz}, &nd (3) theoretically possible molecules for which the
data provide abundances (HoC0, CH30H, NCN, HpS) or meaningful upper
limits (e.g. NO, hydrocarbons). Photodiscociation and photoionization
of all neutral species, dissociative recombination of the jons, and
about 280 ion-molecule reactions were taken into account. Information
on the rate constants that were used is given in Appendix B. While
the expansion velocity could be introduced into the program as a func-
tion of radial distance, for the purpose of this paper, which deals
with the coma inside the contact surface, the expansion velocity was
assumed to be a constant 900 m/s (cf. Lammerzahl et al., 1687). The
program allows for molecular point sources (near the nucleus) and for

extended sources. We have used a point source for H,0 with 2 strength
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corresponding to a H,0 density of 5x107 cm 3 at 1000 km from the
nucleus (Krankqwsky et al., 1986). Strengths of point sources or ex-
tended sources for the other neutral species given in Table 3 could
be freely chosen. Many numerical integrations varying these source
strengths were carried out in order to study the influence of indi-

vidual components and combinations of components.

As discussed above, the mass scale can be influenced by various
pérameters including angle of incidence and ion speed. The results
can be summarized as follows: With the mass scale given in Fig. 2,
we find a reasonable set of molecular abundances that can reproduce
the observed ijon mass spectra in the mass per charge range 25 to 35.
We have not been able to find an alternative mass assignment that
could do this. For instance, a shift of all peaks by one unit to
higher M/Q values could not be ruled out absolutely by the calibra-
tion data alone. However, we would have no explanation for a high
abundance at M/Q = 34 along with a Tow abundance at M/Q = 35; e.q.
H,S would produce the opposite effect. Also, a relatively high flux
of M/Q = 29 ions could not be explained: HCO+ has to be lower than

C0+, and C2H5+ or N2H+ react with H,0 with high rate constants.

A shift of all peaks by one unit to lower M/Q values would be
difficult to reconcile with the calibration data. Moreover, it would
again be difficult to find a chemical interpretation (cf. Table 2).
For instance,rit would be hard to explain the high abundance at

M/Q = 30 that results with this mass scale.

On the other hand, the mass scale given in Fig. 2 results in

relative abundance peaks inside the contact surface at the four mass
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numbers corresponding to the products of H30+ listed in column 3 of
Table 2. In other words, the pattern in the mass range 25 to 35 finds
avnaturgl explanation, A careful comparison of this mass scale with
the calibration data implies that the average arrival direction of
the ions was ~0.3 degrees away from the optical axis of the entrance
deflector of the HIS sensor and that the ions had an average radial
speed of 900 m/s. These parameters also fit the lower mass ions given

in Fig. 1, for which the mass assignment is not in gquestion.

With the adopted mass scale, we interpret the spectra obtained

between 1215 km and 3289 km as follows:

1. Because of their high proton affinity, H,C0 and CH30H dominate
the mass range 25 to 35, being the parent molecules of the two most

abundant ions (CH3;0" and CH;0H,').

2. The minimal ion abundances at masses 27, 29, and 34 are con-

sistent with prediction. A1l ions listed in Tables 2 and 3 with these

+

masses (CzHs , HCN', CoHs', NoH, HCOY, H,S%), and also H,0,7, react

with water.

3. The peak height at mass 28 is consistent with the HCN/H.0
abundance ratio of 0.001 derived by Schloerb et al. (1987) from radio
frequency observations. CO+ also contributes to the mass 28 peak but

is not dominant.

4, The hydrocarbons Can are difficult to determine from the ion
spectra. At this time, only upper limits car be given. The small peak
at mass 26, if real, would be due to CZH2+, rather than CN+, since

the latter is readily destroyed by water (Tables 1 and 2).



(’“
.

- 11 -

For the purpose of deriving-molecular abundances, we have com-
puted ion mass spectra as a function of distance from the nucleus,
vafying the proportions of the assumed parent molecules to optimize
the fit. In Fig. 3, we compare such a computed spectrum, based on the
abundances indicated, with the observed spectra at two radial dis-
tances straddling that of the computatfon. It is evident that the fit
is quite reasonable. The sensitivity of the fit to variations in the
parent molecule source strengths was investigated in order to estab-

lish ranges or limits.

As noted in Fig. 3, contributions from extended sources were
assumed for some molecules. For these we assume an exponential de-
pletion length of 10“ km, originating at the nucleus. Such extended
sources are indicated by the comprehensive CN-observations of A'Hearn
et al. (1986) and Hoban et al. (1988), as well as by the mass spectro-
meter results for neutral CO (Eberhardt et al., 1987). While the need
to include both point and extended sources is clearly indicated, both
from the previous work and our data, the distance between the two
experimental spectra given in Fig. 3 is too small for arriving at a
reliable quantitative separation between them. For this, a complete
investigation of the radial evolution of each ion in question would

be required.

We emphasize that the molecular abundances shown in Fig. 3 are
not uniqué in giving a reasonable agreement between theoretical and
experimental spectra, considering the uncertainties in the experi-
mental data and in the reaction rate constants. Definite abundance
estimates can be obtained, however, for molecules having high PAs,

because the ions resulting from their protonation dominate the mass
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spectra. This is evident from Table 4 where the relative contribu-

tions to some relevant mass numbers are listed.

4. Molecular Abundances

Below, we give abundance estimates derived from a comparison of the
results of the model calculations with the measured spectra in region
I. We do not distinguish between point sources and extended sources
for most molecular species. Scme of the abundances might be improved
by applying a more refined fitting programme to the data and by com-
paring experimental and theoretical ion abundances over the whole
length of the trajectory inside the contact surface. However, we are
confident that the resultant improvements would not materially alter
the conclusions, and thus the added complexity of the modeling is not

justified for the purposes of this paper.

Ammonia. NH3 can be estimated from the NHq+/H3O+ ratio (Ip,
1986). Allen et al. (1987), using IMS data, applied this method to
derive a NH3/H,0 abundance ratio of .01 to .02; however, they neg-
lected reactions of H30+ with molecules heavier than water. Ip et al.
(1990) pointed out that even relatively rare HCN influerces the
ammonia abundance thus derived. Now that we find a few to several
percent of molecules with higher PA than water, we obtain a reduction
of H30+, which in turn somewhat reduces the estimate on the NH3/H20
ratio. The question of whether or not the ratio thus obtained is com-
patible with the NH3/H20 value of 0.003 derived from the MNH; emission

(Wyckoff et al., 1988) will be discussed in a separate paper.
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Formaldehyde. The mass 31 ion rate falls off less rapidly than
R71 betweén 1215 km and 9814 km (cf. Fig. 2) in spite of the relatively
short photo 1ffet1me of H2C0 (cf. Table 2). From this, we derive a H2C0
source which is at least partly extended with an integrated strength
(relative to water) of about one percent at 1500 km, rising to a few
percent at the ionopause. The mass spectra measured in region II sug-
gest thét the source extends even farther out. Our results are in
agreemenfrwith data obtained by other instruments. H2C0 has been found
with thevIKS infrared spectrometer on the VEGA 1 spacecraft (Combes
et al., 1988; Mumma and Reuter, 1989). Polymeric formaldehyde has
been inferred from the spectra obtained by the ion energy spectro-
meter PICCA onboard the GIOTTO spacecraft (Mitchell et al, 1987;
Huebner, 1987) . Krankowsky (1990) found the formaldehyde molecule
with the GIOTTO NMS mass spectrometer. He estimated a H2CO abundance
relative to water of 4.5 percent, including a contribution from an

extended source.

Methanol. The peak at mass 33 could be protonated methanol or
hydrazine. Stief and deCarlo (1965) and Delsemme (1975) have proposed
that the 3360 Angstrom emission observed in comets is due to a NH
radical, the precursor of which is hydrazine. Under the thermodyramic
conditions in the solar nebula or the proposed sub-nebula (Fegley and
Prinn, 1988), N2Hy would not be produced in significant amounts. Cal-
culations show that the equilibrium ratio N2Huy/N2 for these two sites
is only 2x1073% and 3x107%° at 300 K or 4x1072° and 3x107!! at 1500 K.
The equilibrium ratio CH30H/CO is higher, especially in a sub-nebula
environment. Also, there has been no mentioning of hydrazine produc-
tion in interstellar clouds, whereas some ammonia and methanol are

produced according to ion molecule reaction calculations (cf. Prasad
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~and Huntress, 1980; Leung et al., 1984). Moreover, if we wanted to
identify the mass 33 peak with N2H5+, we would have to postulate
NzHu/NHgvz 1 which seems implausible. Thus, we propose that the mass
33 peak is essentially due to CH30H2+ which leads to an estimate of
the methanol/ water ratio of .003 to .015. This is the first in situ
measurement of CH30H in a comet. However, methanol has also recently
been foundrin cdmet Austin by millimeter observations (Colom et al.,

1990).

Nitrous Oxide. The count rate at mass 30 places an upper limit
of .005 on NO/H;0. NO is usually not mentioned among possible cometary
constituents. Since, however, theory indicates that NO is produced in
dense interstellar clouds (Prasad and Huntress, 1980), it may be well

to mention this KO abundance 1imit for Halley's coma.

Hydrogen Cyanide. The peak at mass 28 is probably mainly due to
H2CN+. Although CO is the second most abundant molecule in Halley's
coma (Eberhardt et al., 1987), the contribution of CO' is minor, be-
cause this ion reacts readily with water (cf. Tables 1, 2, and 4). If
we assume that also CzHy does not contribute very much, then we have
enough HZCN+ to account for the HCN/H,0 ~ .001 abundance ratio derived
from radio frequency observations (Schloerb et al., 1987) or from the
CN emissionr(A'Hearn et al., 1986). Our estimate for the HCN abundance

is higher than the one given by Ip et al. (1990).

Hydrocarbons. Since CzHg, C,Hy, and C;H, have PAs lcwer than
water, they do not form ions with prominent abundances. However, the
ccunt rates at masses 25 and 26 indicate that some hydrocarbon ions

are present in the mass range considered. While a careful analysis of
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the abundances - particularly at even mass number - might produce some
definite hydrocarbon estimates, we simply mention that as a result of
cur present modelling effort the sum of the abundances of acetylene

and ethylene are at most one or two percent relative to water.

st‘and S. The inclusion of S, HyoS and related ions was intended
to allow for studying their contribution in the mass range considered.
We defer a'more comp]éte discussion of the sulfur containing species
to a later publication and discuss here only the abundance of HzS,
which has just been detected in comet Austin by millimeter observation
(Colom et al., 1990). For comet Halley's coma, Marconi et al. (1990)
derived a lower 1imit of 0.5 percent for the H,S/H,0 ratio. However,
their conclusion is based on a dissociation time for H,S of ~300 sec,
which we consider to be erroneous for two reasons: (1) The photolysis
of HoS leads to SH which in turn dissociates in 118 sec (0.9 AU; Kim
and A'Hearn, 1990) to give S. From atomic sulfur, S+ is produced at a
relatively high rate (Table Bl). Thus, not only H3S but also s* carries
significant information on the occurrence of H,S. Our model calcula-
tions clearly show that H2S with a half percent abundarce and a 1ife-
time of only ~300 sec would lead to a much higher ion abundance at
mass 32 than we actually observe (cf. Fig. 3). (2) Using the cross
section data given by Lee et al. (1987), Kim and A'Hearn (1990) have
derived a photodissociation time for H,S of 3200 sec (0.9 AU), a result
we have confirmed. With this longer dissociation time, we have consis-
tency between the masses 35 and 32 in the ion spectra and obtain a
H2S source stréngth (point source and/or extended source) of 0.001 to

0.004 relative to H20.
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There is a significant change in the appearance of ion mass
spectra in region II relative to region I (Figs. 1 and 2). As pointed
out in Section 2, the distribution functions of the ions have changed
significantly from the quiet flow encountered in region I. This makes
it diffiéu]t to identify changes in ion abundances with the methods
used in this paper, since these methods are based on the assumption

of quiet flow conditions appropriate to region I.

While the perturbations in the spectra observed in the mass range
16-20 in region Il have again disappeared in region III (Fig. 1), the
high count rate at M/Q = 32 remains (Fig. 2). A slow build-up of
M/Q = 32 actually begins between 2000 and 3000 km. Thus, this general
increase in M/Q = 32 with increasing distance could be due to the st
jon. However, gquantitative interpretation of the spectra in regions
IT and III needs further analyses, which we 1ea§e to future publica-

tions.

5. Discussion

The fons CH;0" and CH,0H," are derived from formaldehyde and methanol,
respectively. Judging from ion-molecule reaction systematics, it seems
improbabfe that heavier gaseous aldehydes, ketones or alcohols contri-
bute significant1y to these ions. Thus, we propose that both H,C0 and
CH30H are present in the gas phase with the relative abundances indi-
cated in Section 4, This observation neither precludes nor supports
the possibility that H,CO and/or CH30H are present in some poli-
merized form in the solid (Vanysek and Wikramasinghe, 1975; Huebner,

1987; Mitchell et al., 1987). The radial decrease of CH30+ is less
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than expected for a point source, indicating that H»,CO is released

from grains over times of the order of hours.

The analysis offeredrhere underlines that carbon in Halley's
comet exists largely in oxidized form - at Teast the portion of it

that is released into the gas phase within the first cne or two hours.

Krankowsky et al. (1986a) have shown that the dominating peaks
in the 40-50 mass region occur at M/Q = 45 and M/Q = 47, and they
jdentify them as HCS+ and H3CS+, respectively. We note that protonized
acetaldehyde (CH3CHO) and ethylalcohol (C,HsOH) may significantly

contribute to these mass peaks.
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Appendix A

The chemistry in the ionosphere - the region well inside the contact
surface - of Halley's comet is dominated by photodissociation, photo-
jonization, jon-molecule reactions, and dissociative recombination.
Since thesé reactions -and in particular the ion-molecule reactions
cdnnect a great variety of species in a rather non-systematic way, a

large matrix of non-linear differential equations results,

The ionosphere is characterized by a steady expansion velocity
of ~0.9 km/s which is roughly equal for ijons and neutrals {Krankowsky
et al., 1986; Ldmmerzahl et al., 1987) and by Tow kinetic temperatures
(200-300 K; Balsiger et al., 1986a). Thus, the rate constants for

ion- molecule reactions measured in the laboratory can be used.

We found reactions between neutrals (molecules or radicals) to
be of minor importance for the species considered here; thus, we have
neglected this type of reaction. In fact, the most important change
in neutral abundances comes from photodissociation (and jonization)

and this has been taken into account.

The ion abundances originally obtained from photoionization are
thoroughly changed by ion-molecule reactions. On the other hand, for
the neutral partners the relative importance of these ractions is
small because of the relatively low abundance of the ions. Thus, we
have neglected the changes in neutral abundances due to ion-molecule
reactions. The types of reactions included in our model are given in
the following equations (reactants or products for which the changes
due to the reaction are taken into account in our calculations are

underlinded):
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A +hv+B +C +..... (1)
A +hvsB e 40+, (2)
A+ s 40t (3)
B' + 7+ C +0D (4)

It is seen that with the simplifications introduced here, the

first three types of equations are lirear.

The set of différentia] equations corresponding to the reaction
equations (1) to (4) is solved by stepwise integration over r, the
distance from the nucleus. The relation between time t and r is given
by the expansion velocity v(r) which was taken to be constant at
900 m/s. A backward integration scheme was chosen for the destruction
terms, but not for the production terms which were treated according
to the forward method. In this way, the differential equations are

decoupled, and a matrix conversion procedure is avoided.

The reaction rates of equations (1) to (4) form one-, two- or
three-dimensional arrays of real numbers. Since many elements in
these arrays are empty, we have the code first establish arrays with
integers 0 or 1 depending on whether the corresponding element in the
real number array vanishes or not. These integer number arrays are
interrogated at each integration step. Empty elements of the arrays
are skipped; thus, a large number of useless real number multipli-
cations are avoided. These simplifications led to a program which can
be used ir &n interactive mode or a modest PC and the numbers of

species and reactions considered can be easily changed.
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Appendix B

A large number of photodissociation, photoionization, ion-molecule
reaction and recombination rates are used in this investigation. How-
ever, only a part of these rates have a major influence on the relative
abundances of ions and molecules discussed in Section 4. Therefore,

we present in this paper the numerical values only for these important

rate constants. References are given for the others.

Photodissociation and Photoionization

Rates corresponding to quiet solar conditions at 0.9 AU were used.
Photoionization is of major importance for molecules that do not
react with H30+. The rate constants for the ions listed in column 4

of Table 2 are given in Table Bl.

Ion-Molcule Reactions

Rate constants were taken from the following compilations: Anicich
and Huntress (1986), Allen et al. (1987), Prasad and Huntress (1980),
Giguere and Huebner (1978), Huebner and Giguere (1980). The most im-
portant rate constants,'i.e. those for reactions with Hz0 and H30+,
are given in Table i. Atoﬁ;zisu1phur was introduced as a pcssible
source of S+ jons (cf. texf); however, reactions of ions with S were

not included.

Dissociative Recombination

Dissociative recombination is usually the dominant destruction mechan-
ism for jons that do not react with water. The correspending rates,

evaluated atv273 K, are given in Table B2. Rates not found in the

literature were estimated.
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Figure Captions

Fig. 1. Nine mass spectra in the AMU/e range 12 to 24 obtained in

the H-mode of the HMIS senscr. Distances to the nucleus are indicated.
The spectra obtained in the three regions of the inner coma described
in the text are distinguished by solid lines (region I), dashed lines

(region I1), and short dashed lines (regjon III).
Fig. 2. The same spectra as in Fig. 1 for the AMU/e range 25 to 3%.

Fig. 3. Relative ion densities derived from the N-mode data at 1485 km
(diamonds and bold dashed line) and 1950 km (triangles and fine dashed
Tine) from the nucleus. These experimental spectra are compared with

a model ion spectrum (crosses and solid line) which was calculated at
the intermediate distance of 1717 km with the molecular abundances
shown in the insert. SP indicates a point source and SE indicates an

extended source (R'Ze'R/IOOOO).



Table 1. Proton affinities (PA) and rate constants k;, k,

PA Ky PA K,
(eV) (eV)
NH, 8.9 2.2 3 7 < .001
C,He 6.9 2.95
C,HSOH 8.16 2.8  CH, 6.7 22
CH3CHO 8.07 3.6  HO 6.6 3.0
CH;0H 7.9 2.8 OH 6.18 2.89
NoH, 7.9 co 6.15 2.6
HCOOH 7.81 2.7 CH, 5.7 2.5
H,CO0 7.5 3.42] o,  s5.68 2.2
HCN 7.43 4.0 NO 5.5 -
HpS 7.4 1.9 CH; 5.8 s .01
N, 5.1 2.5
N 5 3.2
H,0 7.20 0, 4.38 < .001
H, 4.38 7.3

Proton Affinities from Radzig and Smirnow (1980) and
Ausloos (1974)

Rate constants k; and k,, defined in the text, in
1072 cm3 s™1 from Anicich and Huntress (1986)

1]from dissociation constant
ZJthe reverse reaction has a rate of 2.23x107% cm3 s™!

3y, = .06x1079 cm? 57
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Table 2. Inner coma: Ions in the 25-35 mass range

1]

Ions in Relation to Abundances of Parent Molecules

Parent Molecules Major lons Long-]ivedaj Ions Minor Ions
Produced by Produced by Destroyed by
Photo 2] H3O+ Photons H,0
Tifetime®
(s)
HpS  (38)  3.2x103 HyST  (35) H,St (34)
HsY (33)
CH30H (32)  3.1x103 CH30H," (33) CH;0H" (32)
S (32) 9 x10% st (32)
H,CO (30)  2.9x103 CHs0™  (31) H,c0%  (30)
NO  (30)  2.4x105 NO' (30)
C,Hg (30)  4.9x10% C,Hs™  (30)
CHy' (31)
C,Hy, (28)  1.9x10% c,H,t (28)8 CoHs™ (298]
0 (28)  1.3x106 cot  (28)
HCO®  (29)
N, (28)  8.1x105 NS (28)
NoH (29)
HCN  (27)  7.7x105 H,ONT  (28) HONY  (27)
' cNT o (26)
C,H, (26) - 2.6x10% H (254 CoHst (27
CoH,' (26)%06

1] Mass numbers

4]
5]

in parenihesis
2] 0.9 AU; data from Levine (1985); Kim and A'Hearn (1990)
3] Mot destroyed by H30

6] Varicus hydrocarbons may contribute to this ion

Possibly also produced by He+ near and outside the contact surface
Slowly reacting with H,0 (cf. Table 1)



Table 3. Molecules and Ions Included in the Coma
Model Calculations

Molecules

H, H,, 0, OH, H,0

C, CHy, CoHp, CoHy, CoHg
N, NHsy, HCN, N,, NO

€0, H,CO, CH3OH, CO,

S, H,S

lons

T TR
c*, cH,*, cHyT, CH,T, CHs

CH S CoHy Yy CoHaty CoHLTy CoHs™, CoHg™, oMyt

+ +

N, NHT, NH,T, NHST, N,

HON, H,ONT, N, T, NoHT, NoO?

co*, Heot, H,c0™, Hyc0*, CH0HT, CHyOH,®
co,*, HCo,"

s*, HsT, Hyst, Hyst



Table 4. Relative contributions of ions to some important mass numbers.
These percentages refer to the theoretical ion mass spectrum

shown in Fig. 3.

Mass-28 Mass-30 Mass-31 Mass-32 Fass-33

HyON' = 693 NO* = 87%  H,C0* = 100% CHyOH' = 62%  CH30H," = 99%
cot  =20% H,c0t = 12% st =381 st =1
CHY = 112 CoHg™ = 13
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Table B1. Photoionization rates at 0.9 AU

Molecule Ion Rate
1077 7!

H20 H,0" 4.1
co cot 3.8
NO no* 16.0
CoHsp CoHy" 9.6
C,H, C,H' .9
CoHy CoHy " 7.2
C,Hy C,H, 2.5
S st 12.0

Data are for quiet solar condition

(Levine, 1985; Appendix 1) at 0.9 AU



Table B2. Dissociative recombination rates
with electrons at 273 K

Ion k

(1077 em3 s 1)
NH, ¥ 15.9  (a)
H30" 10 (a,b)
CoH' 5.7 (a)
CoH," 5.7  (a)
CoHy Y 10 (d)
H,CNY 3.5 (c)
no* 4.6  (a)
CH;0" 10 (d)
CH30H," 8.8  (c)
Has® 3.7 (c)

(a) McGowan and Mitchell (1984)
(b) Heppner et al. (1976)

(c) Adams and Smith (1988)

(d) estimate
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